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ABSTRACT 1
The surface heat flow pattern for the Exmouth Plateau region
offshore North West Australia has been defined from 86 new, widely
spaced heat flow measurements using conventional marine heat flow
2techniques. The average surface heat flow is 59 mW/m , which is the
expected level for continental crust. The heat flow frequency has a
Gaussian (bell shaped) distribution about this mean within the range
2 2of 19 mW/m to 106 mW/m . Overall the areal heat flow variation
is rather smooth, and there is a gradual trend from high heat flow,
2in the order of 100 mW/m , from a confined region in the south
east, to average heat flow values on the plateau. It is within this
background heat flow on the plateau that a single region of low heat
flow low is situated. The area of the heat flow low, which has levels
2 2below 40 mW/m , is about 4000 km and the centre of the low is 
about 230 km from the heat flow high. The confined heat flow high and 
the heat flow low are the only major heat flow anomalies (relative to 
the average heat flow) for the region. The nature of these anomalies, 
how and why they have come into existence and the general 
consequences to our understanding of heat transfer in sedimentary 
basins is the main stimulus for this thesis.
As surface heat flow patterns are an expression of subsurface 
thermal processes; i.e. diffusion, convection and internal heat 
generation, the surface heat flow pattern can be interpreted in order 
to describe the dominant methods of heat transfer in the crust. The 
presence of the heat flow low provides the key to interpreting the 
regional pattern. As the heat flow level is less than base crustal 
level, it indicates that natural (thermally driven) pore fluid 
convection together with conduction are probably the main means of 
heat transfer in the continental crust within the region. It is 
reasonable to assume that the single heat flow low and high are 
linked in some way. So a single convection cell, based on the absence
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of other anomalies, is postulated and thought to be largely confined 
to the uppermost 10 kilometres of sediment where there is sufficient 
permeability.
There are however two major problems that need to be addressed, 
firstly the separation of the surface heat flow low and high is 230 
kilometres, consequently the cell has an extremely low aspect ratio 
of 0.04. Secondly the system appears to be operating in very low 
energy conditions and so what is the cause of the convection? 
Confirmation of the existence of a natural convection cell in the 
sedimentary section together with the problems of pore fluid 
convection in such a low energy environment and low aspect ratio 
cells are addressed by numerical modelling. The mathematics for two 
dimensional non-linear heat and mass transfer in heterogeneous and 
anisotropic porous medium that is applicable to the geological 
environment has been developed. The equations governing fluid motion 
are coupled to the diffusive and convective heat equation, so 
enabling an emphasis on free or natural convection rather than forced 
convection. A numerical model, based on Alternate Direction Implicit 
method, has been developed around the mathematical formulation to 
simulate heat and mass transfer in a porous media. The results of the 
modelling support the proposition that natural pore fluid convection 
is a dominant process for heat transfer in the Exmouth Plateau 
region.
Some independent evidence exists that supports the proposition of 
natural pore fluid convection in the region, most notable is the 
temperature and vitrinite reflectance data from the many oil 
exploration wells drilled on and near Exmouth Plateau. A new thermal 
geohistory analysis, based on numerical methods has been developed to 
take full advantage of this data. The results from 13 offshore wells 
confirm the overall heat flow pattern and lend support to
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convective flow. However the major support for the postulated pore 
fluid convection pattern is derived largely from numerical modelling.
The heat flow data and the results from the numerical modelling 
stimulated a study on the necessary and sufficient conditions for 
natural pore fluid convection to occur in sedimentary basins. There 
exist two essentially independent aspects important in the study: the 
first is the driving force, which largely depends on the lateral 
variation of rock thermal conductivity, and the second is the 
modifying force, which depends on the permeability distribution and 
the fluid viscosity. It is concluded that lateral variations in rock 
thermal conductivity give rise to horizontal temperature gradients 
that are the major driving force of natural convection. By the 
intrinsic nature of sedimentary basins, they contain rocks of low 
thermal conductivity and high permeability and are surrounded by or 
contained within rocks that have a relatively higher thermal 
conductivity and lower permeability, together with the temperature 
dependency of fluid viscosity, natural convection is probably an 
active process in most sedimentary environments.
Discussion on the consequences and application of these findings 
is focused on hydrocarbon maturation, migration and trapping. 
Convection usually gives rise to areas of anomalously high or low 
temperature within the sedimentary section and this has direct 
consequences to hydrocarbon maturation. Furthermore as the pore 
fluids are moving, horizontal path lengths may be significant, so the 
study also has application to hydrocarbon migration. As the fluid is 
moving it will alter the hydrostatic pressure field to a hydrodynamic 
pressure field. Hydrodynamic hydrocarbon traps may be generated as a 
consequence of pore fluid flow.
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1.1 THE GENERAL PROBLEM
Heat flow studies of the earth's crust are a means by which to 
determine its temperature regime. Such studies have frequently been 
undertaken within Australia, for which there now exists an extensive 
heat flow data set, see Figure (1.1). More often than not, heat flow 
studies are based on the measurement of temperature gradient and 
thermal conductivity near to the earths surface: Haenel and others 
(1988) and Wright and Louden (1989) provide reviews of this 
methodology. In order to determine the subsurface temperature field 
from these measurements, mathematical models are required and the 
sophistication of these usually reflects the complexity of the heat 
transfer processes thought to occur. In the study of heat transfer in 
the upper crust a general case is to consider it as a heterogeneous 
anisotropic porous medium through which pore fluids are allowed to 
move.
For this general case of heat and mass transfer in the crust the 
mathematical basis for modelling has been developed for many years 
(see Smith and Chapman (1983), Clauser and Behrens (1987) for examples). 
Impediments to its practical utilization have however existed. The 
first of these has been the lack of adequate heat flow data sets to 
constrain the modelled results, no matter whether this modelling uses 
forward or inverse techniques. The second impediment has been the 
implementation of numerical methods which can approximate the 
mathematical formulae describing the general case. The third 
impediment has been the unavailability of sufficiently powerful 
computers on which to run numerical simulations.
The research undertaken for this thesis addresses the first two 
issues and, with the aid of a supercomputer, solutions to the general 
heat and mass transfer equations are readily obtained. In the first 
instance a large surface heat flow data set was obtained from the
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FIGURE 1.1 Location of heat flow stations in Australia prior to 
this study (Cull and Conley, 1983). Exmouth Plateau 
study area highlighted by hatched region.
FIGURE 1.2 Regional heat flow map of Australia. (Cull and Conley, 
1983)
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Exmouth Plateau region, offshore North West Australia, see 
Figure (1.1). The data set is large in areal extent and sufficiently 
dense to allow thermal modelling on a crustal scale. The mathematical 
complexity in modelling heat and mass transfer on this scale and 
generality, required the utilization of a robust numerical method.
The numerical modelling and experiments undertaken show that the 
finite difference Alternate Direction Implicit method is one 
technique that is suitable and has wide applicability in modelling 
heat and mass transfer problems.
The generality of the numerical model developed to study the 
Exmouth Plateau meant that a general investigation on heat and mass 
transfer in sedimentary basins by pore fluid movement, something not 
possible before, could be undertaken. This represents a major advance 
in helping to understand the phenomena of heat and mass transfer in 
the upper crust and in particular in sedimentary basins. Modelling 
has been able to quantify the role of thermal conductivity in 
generating conditions under which natural convection might occur, the 
effect of anisotropic permeability on the fluid movement, and the 
effect of the variation of the physical properties of the sediment 
and the fluid with temperature. This thesis presents in detail the 
heat flow data set and concentrates on the numerical modelling 
results as the justification of the interpretation for the heat flow 
data set. The numerical modelling is a major part of this thesis.
The application of the measured heat flow data and the modelling 
is focused on using the derived temperature field to discuss 
hydrocarbon maturation. Pore fluid movement is discussed in 
connection with hydrocarbon migration and the derived pressure field 
is used to discuss the likelihood of hydrodynamic hydrocarbon traps. 
In the first instance an application is made to the Exmouth Plateau 
region and secondly to the general case.
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1.2 HISTORICAL DEVELOPMENT
The historical development of this work is as follows. In January 
1986 the Division of Marine Geophysics and Petroleum Geology of the 
Bureau of Mineral Resources (B.M.R.) undertook a marine heat flow 
survey of the Exmouth Plateau. Preliminary heat flow results were 
reported in Choi and others (1987), the major objective being to 
delineate the thermal regime of this important hydrocarbon producing 
area. Prior to this survey there was very little heat flow data in 
the region (Figure 1.1), and only a broad regional heat flow pattern 
was discernible from this existing data (Figure 1.2). Preliminary 
interpretation of the new data showed an anomalous heat flow low in 
the centre of the plateau and this locality was revisited in July 
1986 (Exon and others, 1988) to confirm the existence of this low.
The proven existence of this unexpected heat flow low suggested 
that the Exmouth Plateau might be a region in which heat flow 
patterns in the upper crust might advantageously be studied. In 
consequence, the emphasis of the work was changed from a single 
application to hydrocarbon maturation models to more general 
considerations on heat and mass transfer in the upper crust. In order 
to study this broader topic a further heat flow survey was undertaken 
by the Australian National University Geology Department in April 
1987. This survey was more extensive than the previous surveys. 
Together they fully defined the extent of the low heat flow region as 
well as the regional heat flow pattern for the entire plateau.
As stated the major surprise from the heat flow surveys over the 
Exmouth Plateau was the existence of a large area with very low heat 
flow, below the base crustal level. The heat flow pattern needed to 
be interpreted, which in turn required some process to be assigned as 
its cause. The initial interpretation was that heat transfer by means 
other than conduction, notably natural pore fluid convection in
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sedimentary rocks existed and gave rise to the surface heat flow 
pattern. The assignment of natural pore fluid convection as the cause 
of the heat flow low is not without its problems. The first is that 
the data was possibly of poor quality and unreliable, in other words 
experimental error needs to be discounted as being the cause of the 
low heat flow values. Secondly there was no modelling capability with 
which to independently check the likelihood of natural convection. 
This thesis was designed to directly address these two issues. Data 
quality and reliability is discussed and a numerical model is 
developed to support the hypothesis of pore fluid convection.
Once these problems were overcome it became obvious that a 
general modelling capability was developed and the Exmouth Plateau, 
whilst providing the stimulus, was just one possible modelling 
exercise. The emphasis of this thesis was then directed toward 
modelling heat and mass transfer in the geological environment 
generally, and in particular in sedimentary basins. The results from 
this not only have application to the Exmouth Plateau heat flow 
studies but also the original goals of applying the heat flow data to 
hydrocarbon studies. In summary; the Exmouth Plateau presented a 
particular geothermal problem and data was collected to address this 
problem. The data set stimulated a more general study, the results of 
which stand apart from the original problem. However, the Exmouth 
Plateau was the natural area in which to apply the results.
1.3 PRESENTATION OF THIS THESIS
The presentation of the thesis is structured around the natural 
progression of research which was undertaken with emphasis on 
particular points and areas as discussed above. Firstly, background 
information and a synthesis of the geology and geophysics of the 
Exmouth Plateau is presented. Previous geothermal data is collated, 
together with a review of the existing thermal models for the region.
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This background study helps understand why the mathematical model, 
developed later, contains certain features and not others, why there 
is a particular importance in some features relative to others, and 
how and to what extent the geological model influenced the conceptual 
model. From the outset it should be made clear that this thesis is 
concerned with natural (thermally driven) convection. It is not 
concerned with forced convection, hydraulic head convection, 
compaction driven advection or mixed convection. In the text if the 
term convection is used without any qualification it refers to 
natural convection, unless specifically stated otherwise.
Due to the importance of the heat flow data set, considerable 
effort has been made in presenting the raw data. Irrespective of the 
modelling, the data; i.e. collection, reduction and compilation, 
constitutes a major piece of the work undertaken. The data set is one 
of the most comprehensive over a continental plateau. The impetus it 
provides in developing the numerical model requires that the raw and 
reduced data is presented in some detail. Issues regarding data 
reliability, accuracy, correction and repeatability are addressed in 
Chapter 3. Independent cross-checks on the data with thermal 
geohistory analysis heat flow values are also made. The possibilities 
of expanding the data set from thermal geohistory analysis are also 
discussed together with some broader comments on the applicability 
and use of thermal geohistory analysis.
The next chapter deals with the conceptual model and is perhaps 
the corner stone of the thesis. Regardless of the cause of the heat 
flow pattern, it contains certain anomalies; what constitutes a heat 
flow anomaly and the nature of the anomaly, whether is it high or 
low, and possible explanations for them are discussed. The hypothesis 
that natural pore fluid convection is the cause of the anomalies is 
formulated, together with suggestions on how it would be possible to
1:INTRODUCTION 10
test this hypothesis.
There are three major problems with the application of the 
conceptual model, the first concerns the assignment of the absolute 
value of the physical properties, such as thermal conductivity, the 
second is whether or not a suitable mathematical formulation which 
suitably approximates the model can be developed and finally whether 
or not the mathematical formulation readily lends itself to numerical 
approximation, so giving a solution to the temperature field and 
fluid flow rates and direction. These three issues are discussed in 
turn in the next three chapters.
The final two chapters deal with the modelling results, 
discussion and conclusions. These aspects are presented in connection 
with the previous chapters, the net result from these being the 
development of a numerical model that simulates the non-linear steady 
state two dimensional heat and mass transfer in a porous medium (that 
may be heterogeneous and anisotropic) with a pore fluid which may be 
heterogeneous, where the boundary conditions may be value (Dirichlet) 
or flux (Neumann) specified. There are far more applications of this 
model to the geological environment than just the Exmouth Plateau. 
With the possible application of the numerical model to a large 
number of problems of heat transfer in the geological environment it 
was decided to study the general occurrence, if any, of natural 
convection in the sedimentary environment. The numerical model was 
used to explore for the necessary and sufficient conditions for 
convection in sedimentary basins. The results from this, as well as 
the results from the Exmouth Plateau, are given. These results are 
then applied to the issue of hydrocarbon maturation, migration and
trapping.
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2.1 REGIONAL GEOLOGY
The regional setting of the Exmouth Plateau is shown in Figure 
(2.1). The plateau is believed to be made of Precambrian basement, 
capped by faulted and gently folded Permian to Cretaceous clastic and 
detrital sediments, with a thin cover of Tertiary deep water 
carbonates. The post-basement sedimentary column, see Figure (2.2), 
contains classic passive margin pre-rift, rift, and post-rift 
sequences, but is complicated by the fact that there were two 
separate episodes of breakup along the margins of the plateau - Late 
Jurassic in the north, and Early Cretaceous in the northwest and 
southwest. The basic structure of what was to become the Exmouth 
Plateau was initiated by rifting during the Triassic and Jurassic, 
prior to sea floor spreading episodes in the Argo Abyssal Plain 
(Jurassic) and the Gascoyne and Cuvier Abyssal plains (Early 
Cretaceous). The structure, sediment distribution, and geological 
development of the Exmouth Plateau region is now well documented, 
with the geological development of the plateau having been summarized 
by Exon and Willcox (1978) and Exon and others (1982) . The most 
recent geological, geophysical and geochemical synthesis relevant to 
the hydrocarbon habitat of the region can be found in Purcell and 
Purcell (1988).
The Exmouth Plateau appears to have developed in the following 
way. At least 3000 m of predominantly paralic and shallow, marine 
detrital sediments (Mungaroo Formation and its equivalents, see 
Figure (2.2) for a stratigraphic location) were deposited between the 
first onset of rifting, in the Permian, and the Middle Jurassic.
During the Late Triassic to Middle Jurassic the central part of 
the plateau was subjected to intermittent erosion. The first phase of 
continental margin formation occurred along the northern margin in 
the Callovian (-155 Ma) when sea floor spreading started in the Argo
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Figure 2.1 Bathymetry and regional setting for the Exmouth 
Plateau. Lines N-S and E-W give the location of 
geological cross sections in Figures (2.3) and (2.4) 
respectively.
2:REGIONAL GEOLOGY AND GEOPHYSICS OF THE EXMOUTH PLATEAU 13
MAIN
TECTO NIC
EVENTS
LITHOLOGY
N W  SE
E X M O U T H  B A R R O W
P L A T E A U  R IFT
BASIN
TYPE
ROCK UNITS C Y C L E
EXMO UTH SANDSTONE
^ ■ 1  THIRD TIMOR
^  c i m n n c T i A M'  SUBDUCTION PHASE
SECOND TIMOR 
^  QiinnnrTinu d u a c cCAPE RANGE GROUP
GIR ALIA CALCARENITE
FIRST TIMOR 
SUBDUCTION PHASE
CARDABIA GROUP
K O RO JON CALCARENITE
TO OLO NG A CALCILL'T ITE
UPPER GEARLE SILTSTONE - ^ ■ i  UPLIFT
LOWER GEARLE 
S ILTS TO N E
C ENO M ANIAN
W IN D A L IA  RAD IO L AR ITE
MUDERONG
SHALE
PERTH BASIN 
BREAKUP
S E P A R A T IO N  OF 
CUVIER CONTINENT. 
UPLIFT AND EROSION
------------------- ------- DUPUY
UPPER DINGO 5  SAND 
C L A Y S T O N E
P Ik im m e r id g ia n
B IG G A D A  SST.
IMAIN C O NT IN ENT AL 
B R E A K U P U /C  OF NW 
A U S T R A L IA N  MARGIN 
-  ER OSIO NAL 
EPISODE A C R O S S  
NW SHELF
MIDDLE DINGO 
C L A Y S T O N E
LE AR M O N TH
^ ■ B A R R O W  DAMP1ER 
RIFT O N S E T  U /C 
(F IT Z R O Y  M O V EM ENT )
L 'M THLO W ER DINGO 
C L A Y S T O N E
NORIAN
M UNGAROO
FO RM ATIO N
LO C K E R  SHALE
SCYNTHIAN
KENNEDY GROUP 
BYRO GROUP 
VO ftRAM EL GROUP
SAKM ARIAN
LY O N S  G R O U P
4 m  AL ICE SPRINGS 
ORO GENY
PEN N S Y LV A N IA N
M O O G O O R E E  L IM E STO NE 
W IL LAR ADIE  FO RM ATIO N
Figure 2.2 Exmouth Plateau and Barrow Rift: generalised 
stratigraphic section. (Barber, 1988).
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Abyssal Plain at about anomaly M-25 time (Larson, 1975) . Breakup 
finally occurred along a series of rift and transform segments, with 
the geometry of the northern plateau being further complicated by 
northeast-trending horsts and grabens. Thomas and Smith (1974) 
suggested that the Rankin Trend is the remnant of a failed rift arm 
that was initiated in the Callovian. Subsequent to this first phase 
of breakup, from the Late Jurassic to Early Cretaceous, about 1000 m 
of shallow-marine and deltaic detrital sediment was derived from the 
south and east and covered the block-faulted surface.
The northwest and southwest margins of the Exmouth Plateau formed 
simultaneously during the Neocomian when sea floor spreading started 
to move Greater India to the northwest. This spreading event 
coincided with a drop in sediment supply to the nascent Exmouth 
Plateau and analysis of dredge samples by Von Stackelberg and others 
(1980), Colwell and Von Stackelberg (1981), and Von Rad and Exon 
(1983) have shown the Exmouth Plateau to have been relatively 
sediment-starved following this second phase of breakup. The major 
structures underlying the Exmouth Plateau, Montebello Trough and 
Rankin Trend (the Exmouth Plateau Arch, Kangaroo Syncline, and Rankin 
Platform) all have similar trends to the NW margin, suggesting that 
the second spreading phase was the more significant in the structural 
history of the plateau.
In an alternative interpretation, Veevers and Cotterill (1976, 
1978) hypothesized that the Exmouth Plateau was the remnant of an 
inter-arch basin in a dual-axis rift system, similar to the East 
African rift system. They further argued that the inner rift (the 
Rankin Trend and the Barrow-Dampier sub-basins) extended 
southwestwards along what was to become the southeast margin of the 
Cuvier Abyssal Plain where parts of it are probably still preserved. 
This interpretation is slightly modified by delamination model of
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others (1986), the Exmouth Plateau is considered to be part of an 
upper plate margin formed during delamination of the crust for which 
Voorhoeve and Houseman (1988) have developed a thermal model.
The southwest margin of the Plateau formed by shearing along the 
Cape Range Fracture Zone. High amplitude magnetic anomalies at the 
foot of the slope were interpreted to be due to early Cretaceous 
intrusions (Exon and Willcox 1980), and this points to there having 
been some component of extension across that zone. Two lines of 
evidence indicate that the southwest margin was topographically high 
at around the time of breakup : firstly, a faulted NW-trending 
anticline is as much as 1100 m higher than contemporaneous strata no 
more than 20 km to the northeast; and secondly, protruding deltaic 
sequences on the southern part of the plateau indicate a source of 
detritus to the southwest. Exon and Willcox (1980) proposed three 
possibilities for the southwest margin uplift - namely, the thermal 
effects of frictional heating along a shear zone, upwelling of the 
asthenosphere along the shear zone, or heating caused by the 
spreading centre in the adjacent Cuvier Abyssal Plain. Whichever 
mechanism was responsible for the uplift, the 'rim' that formed along 
the southwest margin appears to have lasted no more than 5 million 
years. Normal faulting in the Cretaceous caused the margin to 
subside, producing a marginal NW-trending anticline. This anticline 
had subsided below sea-level by late in the Cretaceous, and a thin 
sequence of pelagic carbonates covers the margin, which now lies at 
water depth of more than 1500 m (Exon and others, 1982). 
Representative geological cross sections for the Exmouth Plateau are 
given in Figures (2.3) and (2.4). Note the thick sedimentary section: 
compare these figures with the stratigraphic section,(Figure 2.2), 
and the published porosity and permeability data Table (2.1). It can 
be in seen that there is a thick sedimentary section plateau-wide
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Figure 2.3 West-east cross section from Gascoyne Abyssal Plain 
through the northern Exmouth Plateau to the 
Barrow-Dampier Rift. Location of line given in Figure 
(2.1). (Barber, 1988)
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Figure 2.4 North-south cross section through the Exmouth Plateau 
illustrating the Barrow Group progradation. Location 
of line given in Figure (2.1). (Barber, 1988).
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Name Depth
m
<t> Permeability 
low high mean
Ref
Windalia 635 0.25 1.0 70.0 2
Windalia 750 0.25 2.5 1
Windalia - 0.25 1.0 70.0 7
Muderong 810 0.15 1.0 6.0 2
Muderong 1134 0.21 5.0 35.0 2
Muderong 1800 0.21 1.0 70.0 7
Mardie 823 0.28 4.0 2
Birdrong 1100 0.28 - - - 1
Flagstone - 0.22 800.0 2000.0 4
Flacourt 1018 0.27 250.0 1
Flacourt 1085 0.21 - - - 1
Flacourt 1164 0.26 500.0 1
Flacourt 1188 0.20 200.0 1
Flacourt 2000 0.22 800.0 2000.0 6
Flacourt 2600 0.15 - - - 1
Malouet 1740 0.22 3.0 400.0 2
Malouet 1890 0.22 1200.0 1
Biggada 3200 0.20 18.0 1
Mungaroo 2438 0.28 2000.0 5
Mungaroo 3200 0.18 128.0 1
Mungaroo 3500 0.14 100.0 1
Mungaroo 3700 0.15 1000.0 30.0 3
1. Parry and Smith, (1988).
2. McClure and others, (1988).
3. Barber, (1988).
4. de Boer and Collins, (1988).
5. Kaye and others, (1972).
6. Osbourne and Howell, (1987).
7. Campbell and others, (1984).
Table 2.1 Porosity (<f>) and permeabilities (k) for various rock 
units of the Exmouth Plateau-Barrow Rift region. Name 
refers to the stratigraphic unit, depth is the subsurface 
depth, porosity is in the range 0-1, permeability is in 
millidarcys and REF gives the reference number of the 
source of the data, these being tabulated at the end.
with relatively high permeabilities. The regional seals are the 
Locker Shale and the Muderong Shale.
The major liquid hydrocarbon occurrences of the region are 
largely confined to the eastern shelfal region, and in general the 
area is more gas prone than oil prone. Data from the oil exploration 
wells and production wells has direct relevance to the present study. 
The first observation is that the pre-rift (Triassic) sediments are 
fluvial and marine sandstones, siltstones and shales and generally
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have relatively high permeabilities. The rift sediments (Jurassic to 
Neocomian) are marine claystones and the post rift sediments are 
shales and sandstones with a predominance of limestones. The post 
rift sediments have relatively low permeabilities. The major oil 
producing reservoir is the Barrow Island Field. Primary migration 
from late Triassic and Jurassic sources occurred in the late 
Jurassic, with a later phase of migration in the Aptian when the 
current structural traps were being formed, (Crank, 1973). Woodside 
Offshore Petroleum (1988), in a study of the hydrocarbon habitat of 
the Barrow-Dampier Sub-Basin, conclude that the oils there must have 
undergone considerable vertical and lateral migration.
2.2 PREVIOUS GEOTHERMAL DATA
The Exmouth Plateau region had some heat flow determination made 
on and about it prior to those described in this thesis, a detailed 
location map of this existing heat flow data is given in Figure 
(2.5). The data is tabulated in Table (2.2). This section deals with 
a review of this data and the pre-existing thermal models that were 
derived from this and other data.
Prior to obtaining the data reported here, only one marine 
heat-flow value was reported on the Exmouth Plateau (61.1 mW/m), 
(Anderson and others, 1977). This station was located on the 
northwest flank of the plateau in a water depth of about 1800 m.
Von Herzen and Langseth (1965) and Langseth and Taylor (1967) in 
studies of the lower slope and abyssal plains north of the Exmouth
Plateau, reported a number of heat-flow values in the range 45-96
2mW/m . Cull and Conley (1983) evaluated the temperature gradients
from a number of wells in the offshore Carnarvon Basin and estimated
that heat-flow values on the continental shelf were in the range
275-119 mW/m . From this wide spread data it was postulated that the 
plateau proper has an average heat flow level in the order of 60
21
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Figure 2.5 Location of pre-existing heat flow determinations for 
the Exmouth Plateau region. Each location gives 
station title and heat flow (italics) level in 
mW/m . Values are from Table (2.2).
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TITLE LATITUDE LONGITUDE DEPTH PEN' GRAD K Q REF YR
m m °C/km W/m°C mW/m
V20-147 16 11S 110 17E 5670 61 0.75 46 1 1967
C-ll-72 19 04S 112 45E 1800 6.6 61 1.00 61 2 1977
C-14-30 19 10S no 00E 4527 11.5 49 1.02 50 2 1977
C-14-31 18 04S 112 55E 2789 8.0 68 1.07 72 2 1977
C-14-32 16 30S 116 45E 4604 3.0 109 0.88 96 2 1977
V28-209 17 40S 117 57E 1831 10.9 45 0.93 42 2 1977
V28-210 17 38S 115 12E 2411 6.5 42 1.07 45 2 1977
V28-212 16 06S no 28E 5708 13.5 71 0.78 55 2 1977
WELL 21 43S 114 45E LOCKER 1 118 3 1983
WELL 21 39S 114 21E ROSEMARY 1 112 3 1983
WELL 21 36S 114 30E WEST MUIRON 1 77 3 1983
WELL 20 49S 115 20E BARROW 1 73 3 1983
WELL 20 49S 115 22E BARROW DEEP 1 69 3 1983
WELL 21 50S 115 04E MINDEROO 64 3 1983
WELL 21 43S 114 32E OBSERVATION 1 57 3 1983
WELL 21 35S 114 13E ANCHOR 74 3 1983
WELL 21 41S 115 06E CANE RIVER 121 3 1983
WELL 21 32S 114 42E PEAK 77 3 1983
WELL 21 46S 114 52E ONSLOW 71 3 1983
WELL 21 35S 114 51E TORTISE 81 3 1983
1. Langseth and Taylor, (1967)
2. Anderson, Langseth and Sclater, (1979)
3. BMR data file compiled by J. Cull and D. Conley. Results and 
discussion can be found in: Cull and Conley, (1983)
TABLE 2.2. Pre-existing heat flow data for the Exmouth Plateau 
region. Title refers to the site name from original 
authors, latitude and longitude are in degrees and 
minutes, depth is water depth in metres, except in the 
case of well data where no data other than heat flow is 
available, PEN in the maximum depth in metres of 
penetration of thermograd, GRAD is the thermal gradient, 
K is the thermal conductivity, Q is the heat flow, REF 
gives the reference where the original data was found, 
these are listed immediately below the table, and YR is 
the year.
mW/m , and that the southern areas of the North West Shelf are
i . 2characterized by high heat flow, in the range of 70-120 mW/m .
Burne and Kantsler's (1977) detailed geothermal study of the 
Canning Basin indicated temperature gradients of approximately 
30° C/km on the North West Shelf. Nicholas and others (1980) compiled 
uncorrected geothermal gradients for the North West Shelf using oil 
exploration well data, illustrating a general trend of high 
geothermal gradient for the region. The geothermal gradient on the
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Rankin Platform of the Northwest Shelf averages 35° C/km, whereas 
data from the Saturn-1, Jupiter-1 and Mercury-1 exploration wells on 
the Exmouth Plateau indicate that geothermal gradients are about 
34° C/km in the Montebello Trough and about 23° C/km on the Exmouth 
Plateau Arch (Barber, 1984). Thus well data shows that there is a 
lateral variation in the geothermal gradient across the plateau.
Thermal maturity data (vitrinite reflectance values) from a 
number of wells have been used to derive a first order palaeo-heat 
flow levels. In general the vitrinite reflectance levels for the 
wells on the North West Shelf are too low, if a constant present day 
geothermal gradient since burial is assumed. In other words there 
appears to have been a rise in the geothermal gradients since the 
Tertiary. Kopsen and McGann (1985) compensated for this discrepancy 
along the Barrow Island anticlinal trend by assuming a constant 
thermal gradient of 15 °C/km until 13 Myr BP, then increasing it to 
30-40 °C/km until the present day. The idea of a late heat pulse was 
first suggested by Cook and Kantsler (1980), who showed that 
vitrinite reflectance profiles are not disturbed by the 
pre-Cretaceous uplift and erosion of 2000 metres of sediment; that 
is, it appears that the vitrinite reflectance values in the 
pre-Cretaceous sediments were set by thermal conditions in the 
Tertiary. Cook and others (1985) report the same phenomena: "to 
explain the relatively low present day vitrinite reflectance values 
near the top of the Triassic, the (past) geothermal gradients must 
have been much less than the present day gradients during the 
Mesozoic and early Tertiary, but must have undergone a major rise in 
the late Tertiary". This is a contradiction to all the tectonically 
derived thermal models for passive margins, which all imply higher 
heat flows, and implicitly higher geothermal gradients in the past.
An aim of this present research has been to address each of these
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issues. To ascertain if present day heat flow levels reflect in any 
way the thermo-tectonic events of the past, to explain why there is 
the lateral change in the vertical temperature, from high in the east 
to low in the western central part of the Exmouth Plateau, and to 
understand why the southern North West Shelf has such a high heat 
flow level. Finally, to see if the enigma of the anomalously low 
vitrinite reflectance can be explained, and if indeed there has been 
a rise in the geothermal gradient on the North West Shelf since the 
beginning of the Tertiary. These aspects are then used to draw 
implications for the hydrocarbon prospectivity for the Exmouth 
Plateau. I have previously addressed these issues to lesser extent in 
Swift and others (1988) and Williamson and others (in press) which 
deal with hydrocarbon prospectivity and crustal heat flow 
respectively. This thesis provides a more detailed arguement and
discussion on both of these issues.
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3.1 INTRODUCTION
This chapter discusses the methodology used to derive the heat flow 
values for the Exmouth Plateau. Due to the fact that most of the 
conclusions of this thesis rest upon the heat flow pattern, data 
collection techniques and data reduction methods are discussed in some 
detail.
Two independent techniques are used for determining heat flow. The 
first of these uses conventional deep sea techniques to measure the 
near sea floor sediment thermal gradient and thermal conductivity. The 
second uses a modified thermal geohistory analysis, where bottom hole 
temperature from oil exploration wells is the major data source. If 
these two essentially independent methods were to give the same results 
for coincident locations it would then be possible to derive the heat 
flow at all the 141 well sites on the north west shelf and further 
complement the heat flow data set. The comparison between these two 
methods is separate from the main modelling aspect of the thesis, 
consequently the results, discussions and conclusions on this aspect 
are given at the end of this section, rather than at the end of the 
thesis.
All the heat flow data in one form or another is presented in this 
thesis. Perhaps the most important section is Appendix B where the data 
reduction figures of all the marine heat flow sites are presented. Data 
from thermal geohistory modelling is given in Section (3.3) below. 
Thermal consequences in the broader sense relating to the application 
of the thermal models to hydrocarbon studies are considered in Section 
(7.3) in conjunction with the modelling results. Heat flow values 
tabulated at the conclusion of this chapter are those used in the 
modelling aspect of this thesis. The results and discussion section at 
the end of this chapter deals largely with data reliability, which
3:HEAT FLOW DATA 25
needs to be firmly established before any modelling can be undertaken. 
3.2 DIRECT MEASUREMENTS
Although the B.M.R. data has been published previously, see Choi 
and others (1987) and Exon and others (1988) , what follows includes a 
re-evaluation of that data. It has been found that their data reduction 
program had an incorrect 'DO LOOP' and heat flow values they reported 
are generally about a 10% over estimate, thermograd penetration is 
underestimated and failed stations often provided usable temperature 
data. The data from the B.M.R. surveys are denoted with the prefix EP, 
e.g. EPK01 is thermal conductivity station 1, EPHF01 is heat flow 
station 1. The data from the A.N.U. data collection phase 
(unpublished) are denoted with the prefix FR.
Although marine heat flow measurements have been undertaken for a 
number of years many different methods have been used and in some cases 
it is very difficult to ascertain the reliability of the results. In 
1988 the International Heat Flow Commission published its 
recommendations on heat flow data determination (Haenel and others, 
1988), and the following discussion is based upon their 
recommendations.
The vertical heat flow is usually derived from the following 
expression,
Q =-K3 T+p-c^VT (3.1)z z f f
where is the vertical heat flow, K is the thermal conductivity, 
d ^ T  is the thermal gradient, p  ^is the pore fluid density , c^ is 
the pore fluid specific heat, V is the vertical fluid velocity, <f> is 
porosity, and z is positive downward. All of these quantities may 
vary with depth. Under normal circumstances marine heat flow 
calculations exclude the internal heat generation production as it is
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-3of the order of /iW m and because the thermal gradient measurement 
is made over small distances, in the order of metres, and so the 
contribution to the heat flow over this range is infinitesimal (three 
orders of magnitude less than heat transport by conduction). The 
assumption of steady state conditions is valid because the temperature 
measurements are made in a relatively short time. Three dimensional 
effects are excluded on the basis that the temperature gradient 
measurements are made very close to the sea floor surface which is 
locally a horizontal isothermal boundary, and so has a major 
stabilizing influence on the near surface vertical temperature 
gradient. The only parameters that need now to be determined are; 
<9zT(z), K(z) and V(z). Of these the first two are measureable. The 
third, unfortunately, is too small to be measured directly and can 
generally only be determined by modelling, (Bredehoeft and 
Papadopulous, 1965).
The EP series thermal conductivity sites and associated thermal 
gradient station locations are shown in Figures (3.1) and (3.2) 
respectively. The corresponding FR series heat flow stations and 
thermal conductivity stations are shown in Figures (3.3) and (3.4) 
respectively. The thermal conductivity measurements from the Exmouth 
Plateau show little lateral variation, hence there are fewer thermal 
conductivity sites than sites at which the thermal gradient was 
measured.
The EP series was the first survey undertaken, consequently two 
long transects, an east-west dip line and north-south strike line, were 
preferred, rather than a small high detail local survey. The later FR 
survey was designed around this grid in order to further delineate the 
heat flow pattern derived from the EP surveys. It is surprising that 
most of the essential features of the surface heat flow pattern can be 
derived from the EP series data alone (although this fact could not
AR
GO
 A
BY
SS
AL
 P
LA
IN
3:HEAT FLOW DATA 27
oo oo
Figure 3.1 Themal conductivity stations for EP surveys.
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Figure 3.2 Heat flow stations for the EP surveys.
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Figure 3.3 Thermal conductivity stations for FR survey.
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Figure 3.4 Heat flow stations for the FR survey.
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have been ascertained without the FR survey). However the FR series is 
invaluable in further constraining the heat flow pattern and without 
the added data it would be difficult to be confident about the general 
pattern. The other aims of the FR survey were to make repeat 
measurements at the EP sites in order to investigate the repeatability 
and reliability of the data set as a whole and to measure directly the 
heat flow at various well sites so that these measured heat flow values 
could be compared to the values derived from thermal geohistory 
analysis.
3.2.1 TEMPERATURE MEASUREMENTS
Thermal gradient measurements in the near surface sea floor 
sediments were made with an 8 channel Nichiyu Giken Kogyo NTS-11AU heat 
flow probe (Figure 3.5), here-after referred to as the thermograd. This 
is a 'Bullard' type thermograd, using a lance with 8 thermistors 
mounted on outriggers. It has no insitu thermal conductivity 
capability, consequently sedimentary cores had to be taken separately. 
Various lance lengths and thermistor separations were used during the 
three surveys, and these are noted on the data reduction figures in 
Appendix B. In general a four metre lance with 6 or 8 thermistors 
separated by 0.45 m was the preferred configuration. In the case where 
6 thermistors were mounted on the lance the two remaining thermistors 
were dedicated to the measurement of the near sea floor water 
temperature. The thermistors were spirally arranged about the lance to 
ensure that each thermistor came to rest in sediment that was 
undisturbed by the passing of thermistors lower on the lance. The 
narrow 0.004 m diameter of the outrigger thermistor protectors meant 
that the thermal transient in the sediment caused by frictional heating 
was minimized. The thermistor protectors were mounted on outriggers 
0.040 m away from the lance and thermally insulated from the lance, 
thus ensuring that no frictional heat transient from the lance reached
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Figure 3.5 Sketch of 
Nichiyu Giken Kogko 
NTS-11AU thermograd. 
(Choi and others, 1987)
*
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the thermistor for the period of the measurement. The use of outriggers 
also ensured the lance did not 'drill' on entry, consequently the 
thermistors are considered to come to rest in sediment that was neither 
mechanically nor thermally greatly disturbed. The thermograd measured 
the voltage across the thermistor, and this voltage was later used to 
derive the resistance and then the temperature.
As well as recording the thermistor voltages, the underwater 
electronics were able to record elapsed time via an internal clock, the 
voltage from two orthogonally mounted tilt sensors and the voltage 
across three internal precision reference resistors. The sample 
interval between samples on any one recording channel was 30 seconds. 
The tilt meters measured the deviation from the vertical (±3°) of the 
lance, up to 45°. This allowed corrections to be made to the thermal 
gradient so that all the heat flow values refer to the vertical heat 
flow. The voltage measured across the reference resistors allowed for 
correction to be made for small drifts in the internal power supply 
voltage. In fact the precision resistors provided a means to internally 
calibrate the electronics as well as calibrating the thermistors during 
temperature measurements, thereby ensuring a ±0.001 °C resolution. The 
calibration accuracy of the thermistors meant that the relative 
temperature precision was ±0.003 °C between any two thermistors. The 
absolute temperature accuracy varied, but was generally in the order of 
±0.01 °C for newly calibrated thermistors and ±0.5 °C for old ones.
As stated the temperature sensitive devices used in the measurement 
of temperature were thermistors. The absolute temperature T (°K) at the 
time of measurement is related to the resistance R (ohm) of the 
thermistor by;
R=Aexp(BT"1) (3.2)
where A and B are mathematical constants also which need to be derived. 
The performance of a thermistor as a reliable temperature measuring
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device was studied by Raspet and others (1966). They noted that there 
was a secular increase of thermistor resistance with time and 
temperature cycling, and consequently this may lead to erroneous 
absolute temperature values. Further the drift rate at various 
temperatures is different, however if the thermistors are cycled 
through very small temperature ranges, in the range of 0-30 °C, the 
mean drift rate for the thermistor is the same within this range. 
Fortunately this means that the value of B in the expression (3.2) can 
be considered to be constant with time. The change in the value of A 
with time can be corrected if the response of the thermistor is 
compared with the resistance of a stable reference resistor. The 
mechanism of how this is done under field conditions is discussed in 
greater detail below.
If there is a number of spatially distributed thermistors used in a 
sea floor measurement then the geothermal gradient can be determined. 
Due to the better relative behavior of thermistors, that is the value 
of B is better known than A, it is possible to determine the gradient, 
or relative temperature difference between two thermistors very 
accurately and precisely, even though the absolute temperature at any 
one point may be less accurate.
The thermistors used on the lance were routinely calibrated, 
relative to each other just before each gradient measurement was taken. 
This was done by holding the thermograd 100 metres from the sea floor 
for a period of 10 minutes before the lance was allowed to penetrate 
the sea floor sediments. The difference in the measured absolute 
temperature of the thermistors, relative to a thermistor selected as a 
standard, was later corrected by the addition of the difference to that 
recording channel. The small gradient calculated in the water column at 
large water depths is very small indeed (this is discussed in more 
detail later) and validates this approach. This method helped monitor
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the relative performance of each thermistor, and the drift in the value 
of the parameter A in expression (3.2) could be corrected. This was 
possible as the temperature data reduction algorithm used the ratio of 
[thermistor/reference] resistance. The drift in the thermistors was 
caused by the temperature cycling within the range of 20°C to 0°C, 
caused by 'back deck' to deep sea temperature changes. Thermistors with 
rapidly changing calibration factors or very large calibration factors 
were discarded, so enabling very precise relative temperatures to be 
reliably obtained without need for frequent recalibration of the 
thermistors.
3.2.2 THERMAL CONDUCTIVITY MEASUREMENTS
The thermal conductivity of the sediments was measured on core 
samples taken near the thermal gradient locations. Cores were not taken 
at every gradient station but rather on a sparser grid. Generally every 
fourth gradient station was also a site where a core was taken. The 
coring technique employed in retrieving sea floor sediments was either 
gravity or piston coring. The cores taken measured 0.05 m in diameter: 
the length of the cores varying greatly, rangeing from 1.3 to 4.9 
metres. The sediments consisted mainly of foraminiferal ooze with minor 
interbeds of sand. All the cores were poorly consolidated.
The sediment thermal conductivity was determined using the thermal 
transient needle probe method of Von Herzen and Maxwell (1959). The 
needle probe was 0.05 m long with an outside diameter of 0.001 m. A 
bead thermistor was mounted inside the needle together with a full 
length heater element. The heater element produced 2.6 W m ^. This 
was the highest heating rate that could be used without producing 
adverse convective effects of the pore fluids of the sediment. Thermal 
conductivity measurements on each core were taken every 0.2 m. This 
sampling rate was chosen deliberately to be less than half the 
thermistor separation used in measuring the thermal gradient. The
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somewhat arbitrary distance of 0.2 m between measurements is further 
justified on the basis that there is very little variation of 
conductivity with depth of the sediments, as is evident from the 
extensive measurements taken.
3.2.3 DATA REDUCTION 
Frictional Heating
The thermal response of the heat flow probe after it penetrates the 
sediment has been discussed by Bullard (1954) and Jaeger (1956). 
Briefly; the elevated temperature of the probe due to frictional 
heating during penetration into the sediment is given by;
T(t)-Tequilb+T0F(“ 'r) (3'3>
where T(t) is the temperature with time, T t^ e origi-nal
sediment temperature at the probe site, T^ is the initial temperature
disturbance due to the frictional heating and F(a,r) is the decay
function derived by Bullard (1954).
o oF(q , r) = (4a/7T )0/°°e(-rx )/xf(x) dx (3.4)
f (x) = [xJQ(x)-aJ1(x) ]2+[xY0-q:Y1(x ) ]2 (3.5)
and J (x) and Y (x) are the Bessel functions of order n of the n n
first and second kinds, respectively. The value of a (non dimensional
2time) is defined as r=t/t , where t =a /k is the thermal timec c s
constant of the probe, a is the outrigger protector radius and /c^ is
the sediment thermal diffusivity. Empirically the thermal time
constants of the outriggers were determined to be in the order of only
1 minute. The parameter a is equal to twice the ratio of the heat
capacity (not specific heat capacity) of the sediment displaced by the
probe to the heat capacity per unit length of the probe denoted
C . pr
a= 2-np C a2/C (3.6)s s pr
Now as F(a, T)=>0 as t=>«>, TeqU^ b  is the intercept on a linear 
regression fit of the data plotted against F(a,r). For most steel
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probes the value of a is 2 (Jemsek and Von Herzen, 1989) . In the case 
of the NTS11-AU thermograd the value is 1.46. This means that for r>4 
the asymptotic expression for F(o:, r )=C^/47rKst, can be used in data 
reduction. This expression is useful as it is easy to computer code and 
it is a simple function of reciprocal time. In practice the equilibrium 
temperature has often been determined by discarding the recorded 
temperature values for r<3 and using the asymptotic relationship 
(Jemsek and Von Herzen, 1989). However in this thesis the full 
expression of F(a,r) is used for the full range of r. The only general 
exception to this rule has been the adoption of the practice of 
ignoring in the analysis the first data record on or after penetration. 
The first data point was generally found not to correspond well with 
the theoretical value. It is suspected that the influences of initial 
poor thermal contact of the thermograd with the sediment, fluid 
movement, the disequilibrium of the probe as it passes through the 
water column together with the thermal decay delay caused by the oil 
and plastic insulation around the thermistor inside the probe were the 
main causes of this poor correspondence.
The same technique was attempted in the relative thermistor 
calibration procedure, but proved unsuccessful. This can be attributed 
to the fact that while the probe is held 100 m above the sea floor it 
was still moving sideways through the sea water and so the thermistors 
equilibrated very quickly. The water movement about the thermistors 
during the calibration phase precludes a purely conductive cooling 
analysis, such as that described above. Instead a 1/time analysis was 
conducted to determine the equilibrium temperatures and so the 
calibration factors.
Thermograd Tilt
The in-built, orthogonally mounted tilt meters in the thermograd 
made it possible to correct the measured thermal gradient to the
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vertical temperature gradient. If a and ß are the deviations from the 
vertical then the correction factor A is given by;
In general the reliability of the tilt data was very poor. The 
meter itself consists of a semi-circular wire-wound potentiometer with 
a rotating armature. In some cases the armature is thought to stick on 
the potentiometer and give erroneous results. The potentiometer was 
affixed in a vertical position, however tilt data corresponding to 
thermograd decent or ascent (when it is clear that the probe is 
vertical) showed varying degrees of tilt. It is thought that the 
potentiometers, on occasion, rotated. In these cases the tilt offset 
measured on descent was subtracted from the in-sediment tilt. 
Temperature data where tilt measurements greater than 45° were ignored. 
In some cases, unless the thermal gradient was 0.000-0.005 °C/m it was 
assumed that the probe was vertical even if the tilt was greater than 
45°, for the reason outlined above.
Thermal Conductivity
The thermal conductivity values are derived under laboratory 
conditions. The thermal conductivity is corrected for changes in 
temperature and pressure corresponding to the change in sea floor to 
laboratory condition, using the method outlined by Ratcliffe (1960). 
These corrected values are then used in determination of the surface 
heat flow.
3.2.4 RESULTS 
Thermal Conductivity
The uncorrected sediment thermal conductivity measured at each of
(3.7)
and
dT/dz=AdT/dzmeasured (3.8)
the stations is given in Table (3.1) at the end of the chapter. The 1/R 
(where R is the thermal resistivity) value at the end of each listing
3:HEAT FLOW DATA 39
is the average thermal conductivity or inverse of the mean thermal 
resistivity,
l/R=[l/nS(l/Ki)]'1 i=l,n (3.9)
A contour plot of this data is shown in Figure (3.6). Whilst it is 
recognized that small scale sediment layering, at least in pelagic 
sediments, changes rapidly with horizontal position, and independent 
heat flow probe and core stations cannot be superimposed with any great 
accuracy. The small vertical variation in thermal conductivity 
(Table 3.1), and equally small horizontal variation (Figure 3.6) found 
to exist over the Exmouth Plateau, make it possible to interpolate or 
extrapolate the thermal conductivity with some confidence from the core 
site to the nearest heat flow station. The potential difficulty of 
matching the positions of the thermal conductivity measurements with 
the temperature measurements, due to the inability to accurately 
determine the penetration of either the corer or the thermograd, may be 
ignored due to the relatively small change of thermal conductivity with 
depth found over Exmouth Plateau.
The insertion of the needle probe perpendicular to the core axis 
meant that vertical thermal conductivity was measured. Tests on split 
cores, where horizontal thermal conductivity was measured indicated 
that thermal conductivity showed negligible or zero anisotropy.
Thermal Gradient
The determination of the thermal gradient and the heat flow is more 
involved and requires some discussion. In the calculation of the heat 
flow, Q the measured conductivity is inverted to thermal 
resistivity and integrated over its thickness to give the Bullard depth 
equivalent. After neglecting fluid movement effects (only one heat flow 
station EPHF07 showed evidence of shallow pore fluid movement) and
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Figure 3.6 Contour plot of surface thermal conductivity. Contour 
value is W/m°C and data points shown as dots.
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integrating equation (3.1) the vertical heat flow value Q is 
calculated from;
T(z) - Tq+Qz 0/Z(l/K(z))dz (3.10)
This means that in a purely conductive environment a plot T against 
Bullard depth should be a straight line with its slope the value of the 
heat flow.
The data reduction of each heat flow station is presented 
graphically in Appendix B, and Figure (3.7) is an example. A brief 
discussion of the importance and relevance of each of the figures and 
text that constitute the figure is given below. The block of text in 
the upper right hand block gives essential statistics for the heat flow 
station. The first line gives the station title, the second line gives 
the approximate time (SS=survey number, DDD= Julian day, HH is hour, MM 
is minute and SS is second) when the measurement occurred. The 
following three parameters detail the variables of the thermograd 
device, these being sample interval, temperature range and the 
thermistor separation. These are followed by the site details of; 
latitude, longitude and water depth. The block of numerical data 
details the correspondence between channel number, thermistor label, 
depth of penetration, calibration factor and equilibrium temperature. 
The next line gives the geothermal gradient based on the temperature 
data alone, the gradient being calculated on a linear regression of the 
temperature data, ( the heat flow is calculated from the slope of the 
line of temperature versus Bullard depth). The sea floor temperature is 
the intercept of the line of best fit of the thermal gradient data.
Note that it is not necessarily the temperature measured at the topmost 
thermistor, although it is generally close to it. The last two lines 
detail the record number ranges corresponding to the period when the 
thermograd was held above the sea floor for thermistor calibration, and 
finally the record range used for determination of sediment equilibrium
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STATION EP01T
TIME SSDODHHMMSS 53029132000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45« 
LATITUDE 19 54.398S
LONGITUOE 114 58.145E
HATER DEPTH 1162.0 ■
CHAN LABEL DEPTH CALB TEMP
8 ##### *KKtftt * K K K *  X # # # #
7 Kfttftftt **tt*K X X # # *  xxxxx
6 85C 0.00 0.072 4.325
5 130C 0.45 0.191 4.351
4 310C 0.90 0.087 4.386
3 265C 1.35 STNO 4.443
2 355C 1.80 0.060 4.495
1 400C 2.25 0.101 4.526
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0
0.095 C/«
67.8 «W/«#X2 
4.314 C 
130 TO 137 
144 TO 164
TEMP
Figure 3.7 Composite plot of thermograd data and reduced data 
used to derive surface heat flow.
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temperatures.
The topmost graph is a plot of the two internal reference 
thermistor readings. The y-axis is the 'drift' of the normalized 
dimensionless resistance of the reference thermistors. An internal 
resistor is said to have drifted when its resistance does not plot as a 
horizontal line. The x-axis is the record number similar to the two 
graphs below. The absence of spikes and drift in the value of the 
reference value indicates that the internal electronics are stable.
When spikes occur the corresponding thermistor resistance at that 
record number is neglected in any further analysis.
The graph immediately below the drift plot is the tilt angle, as 
measured by two orthogonally mounted tilt meters. For convenience the 
tilts are denoted in either the x or y direction. The tilt plot is also 
used to give an indication, if any, of bias in the tilt measurement. 
When the probe is being lowered to the sea floor or being retrieved, 
the tilts should be equal to zero. In the case shown there is 12-15° 
offset in the x-tilt and about a 9° offset in the y-tilt on thermograd 
descent (corresponding to records prior to number 142). The offsets are 
not repeated on thermograd ascent (record after number 166) , indicating 
some tilt meter rotation. Note the 45° spike corresponds to the time 
when the thermograd was pulled from the sediment and momentarily 
dragged along the sea floor in a horizontal position.
The most informative plot is given below the tilt. The central 
graph is a plot of un-calibrated temperature versus record number. 
Temperature drop on descent and temperature rise on ascent can be seen 
on the left and right extremes of the plot. Bad channels are detected 
as plots of constant temperature, and individual bad records are seen 
as temperature spikes. In the example shown channels 7 and 8 are bad 
channels and channels 3,5 and 6 have bad records between records 114 
and 118. These channels and records are neglected in any future
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analysis. There is an additive offset of 0.5°C between each record so 
that individual performance of each thermistor can be judged. Computer 
printout of the temperature data was used to ascertain the record 
periods corresponding to times of relative thermistor calibration and 
sediment temperature measurement.
The graphs at the bottom of the figure are the results calculated 
from the raw data. From left to right, the first figure is the 
temperature versus depth plot. The temperature values are taken from 
the extrapolated temperature values from an F(a,t ) analysis, 
graphically illustrated in the next figure. The measured temperature 
data has been corrected using calibration factors derived from an 
inverse time plot, the central plot figure, of the data when the 
thermograd was held 100 metres above the sea floor. The next plot to 
the right is the sediment thermal conductivity profile that was 
measured at or near the station where the thermal gradient was 
measured. The thermal conductivity station used in the heat flow 
determination is annotated in the lower right hand side of the plot.
The final graph is a plot of the Bullard depth versus temperature, and 
linear regression line of best fit, the slope is the vertical 
conductive heat flow.
Heat Flow
The surface heat flow values are listed in Table (3.2). Of the 100
stations occupied 86 were successful. The reasons for unsucessful
stations were; lack of sufficient or no penetration of the thermograd,
or the tilt angle of the thermograd was greater than 45°. It must be
pointed out that the values in the table are the local vertical heat
flow values assuming steady state conductive conditions. The data has a
2 . 2range of 19-183 mW/m , with a mean of 59 mW/m . A frequency
2histogram of the data in classes of units of 10 mW/m is given in 
Figure (3.8). Note that there is a Gaussian (bell shaped) distribution
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of heat flow about the mean, and that there appear to be only two
2 2outlying values of 140 mW/m and 180 mW/m , stations EPHF26 and
EPHF28 respectively. A smoothed contour plot of surface heat flow based
on a 10' grid is given in Figure (3.9). The contour grid was designed
so that every data point was honoured as much as possible. The heat
2flow high in the centre of the plateau is 180 mW/m . The heat flow 
high is also coincident with the two outlier heat flow values that are 
evident from the frequency histogram. These two values are thought not 
to represent the first order heat flow pattern and have been removed 
from any future analysis.
The corresponding contour plot, now based on a 30' grid with these 
two outlier data points removed, is given in Figure (3.10). The grid is 
enlarged so that a greater degree of averaging in the contouring 
process could be undertaken, so giving a better first order 
representation of the surface heat flow. The relative error in any one 
heat flow value is about 20%, so by a suitable choice of grid size a 
better representation of the surface heat flow can be obtained. The 
broad features of the heat flow pattern seen in Figure (3.9) are 
retained in Figure (3.10), and the surface heat flow for the Exmouth 
Plateau is now clearer. The essential features of the heat flow pattern 
are a large and well defined heat flow low in the centre of the plateau 
and a heat flow high to the east. Although there is no marine heat flow 
data on the shelfal regions the extrapolated heat flow high correspond 
very well with a heat flow high derived from oil well data, as 
illustrated in Figure (2.5). For clarity, a three dimensional plot of 
the data in Figure (3.10) is given in Figure (3.11). The plot is a view 
from the north west, and the heat flow low is quite clear and 
pronounced.
It will become clear that the heat flow low is the key element in 
understanding the heat flow regime of the Exmouth Plateau. The major
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Figure 3.8 Frequency histogram of surface heat flow data from 
Table (3.2).
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Figure 3.9 Contour plot o£ all surface heat flow data. Contour 
values in mW/m , maximium level, denoted +, is 180 
mW/m . Data points shown as dots, contouring based on 
86 data points on 10'x 10' grid.
Figure 3.10 Contour plot of filtered surface heat flow data.
Contour values in mW/m . Data points shown as dots, 
based on 84 data points on a 30'x30' grid.
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Figure 3.11 Three dimensional projection of contour plot shown in 
Figure (3.10). View point declination is 64° from the 
northwest.
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aim of this present work has been to explain how this heat flow low can 
exist. However in order to do so it must be firstly ascertained that 
the low heat flow anomaly is indeed real and this consideration leads 
to the next section dealing with thermal geohistory analysis.
EPK01 EPK02 EPK03 EPK04
LAT 19 53.59S LAT 19 53.59S LAT 19 42.66S LAT 19 32.12S
LONG 114 58.22E LONG 114 35.40E LONG 114 20.10E LONG 113 52.97E
WD 1177.0 m WD 1279.0 m WD 1352.0 m WD 1141.0 m
WBT 4.31 WBT 3.98 WBT 3.89 WBT 4.53
DEPTH K DEPTH K DEPTH K DEPTH K
m W/m°C m W/m°C m W/m°C m W/m°C
0.3 0.71 0.1 0.79 0.1 0.81 0.1 0.81
0.5 0.73 0.4 0.80 0.2 0.85 0.3 0.88
0.7 0.77 0.7 0.79 0.4 0.88 0.5 0.79
0.9 0.77 1.0 0.79 0.6 0.87 0.7 0.81
1.1 0.79 1.3 0.79 0.8 0.91 0.9 0.89
1.3 0.77 1.6 0.79 1.0 0.86 1.1 0.87
1.5 0.78 1.9 0.74 1.2 0.86 1.3 0.85
1.7 0.80 2.2 0.77 1.4 0.83 1.5 0.91
1.9 0.79 2.5 0.83 1.6 0.85 1.7 0.88
2.1 0.79 2.8 0.73 1.8 0.90 1.9 0.85
2.3 0.77 3.1 0.82 2.0 0.90 2.1 0.87
2.5 0.77 3.4 0.77 2.2 0.85 2.3 0.91
2.7 0.76 3.7 0.79 2.4 0.89 2.5 0.87
2.9 0.77 1/R=0.7 8 2.6 0.89 2.7 0.85
3.1 0.77 2.8 0.83 2.9 0.87
3.3 0.79 3.0 0.81 3.1 0.85
3.5 0.73 3.2 0.80 1/R=0.8 6
3.7 0.81 3.4 0.84
3.9 0.88 3.6 0.85
4.1 0.87 3.8 0.83
4.3 0.87 4.0 0.83
1/R=0.7 8 1/R=0.8 5
Table 3.1 Thermal conductivity measurements from the EP and FR surveys, 
giving; station title (see Figure (3.1) or (3.3) for 
location), LAT and LONG are latitude and longitude in 
degrees-decimal minutes, WD is water depth in metres, WBT is 
water bottom temperature in degrees Celsius, DEPTH-K are the 
sub-sea floor depth and thermal conductivity pairs given 
below, 1/R is the uncorrected average thermal conductivity.
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EPK05 EPK06 EPK07 EPK08
LAT 19 35.10S LAT 19 19.51S LAT 19 03.17S LAT 18 53.53S
LONG 113 32.05E LONG 113 06.39E LONG 112 45.13E LONG 112 37.88E
WD 956.0 m WD 1279.0 m WD 1979.0 m WD 2256.0 m
WBT 5.23 WBT 4.08 WBT 2.38 WBT 2.21
DEPTH K DEPTH K DEPTH K DEPTH K
m W/m°C m W/m°C m W/m°C m W/m°C
0.1 0.83 0.1 0.85 0.1 0.85 0.1 0.85
0.2 0.85 0.2 0.85 0.3 0.85 0.3 0.85
0.4 0.83 0.4 0.83 0.5 0.87 0.5 0.87
0.6 0.89 0.8 0.85 0.7 0.85 0.7 0.85
0.8 0.85 1.0 0.87 0.9 0.85 0.9 0.85
1.0 0.87 1.2 0.85 1.1 0.90 1.1 0.85
1.2 0.85 1.4 0.83 1.3 0.87 1.3 0.86
1.4 0.87 1.6 0.85 1.5 0.87 1.5 0.83
1.6 0.83 1.8 0.83 1.7 0.82 1.7 0.80
1.8 0.88 2.0 0.87 1.9 0.89 1.9 0.83
2.0 0.83 2.2 0.90 2.1 0.89 2.1 0.78
2.2 0.78 2.4 0.73 2.3 0.85 2.3 0.89
2.4 0.87 2.6 0.82 2.5 0.88 2.5 0.88
2.6 0.87 2.8 0.83 2.7 0.90 2.7 0.87
2.8 0.87 3.0 0.85 2.9 0.87 2.9 0.88
3.0 0.87 3.2 0.89 3.1 0.93 3.1 0.88
3.2 0.89 1/R=0.84 3.3 0.91 3.3 0.91
3.4 0.88 3.5 0.93 3.5 0.89
1/R=0.8 6 3.7 0.91 3.7 0.89
3.9 0.93 3.9 0.89
4.1 0.91 4.1 0.89
4.3 0.94 4.3 0.91
4.5 0.91 4.5 0.91
1/R=0.89 4.7 0.87
4.9 0.90
1/R=0.8 7
Table 3.1 Continued
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EPK09 EPK10 EPK11 EPK12
LAT 19 31.34S LAT 20 00.25S LAT 20 29.89S LAT 20 53.68S
LONG 113 13.48E LONG 112 55.88E LONG 112 35.15E LONG 112 20.01E
WD 936.0 m WD 962.0 m WD 947.0 m WD 1432.0 m
WBT 5.10 WBT 4.91 WBT 5.01 WBT 3.41
DEPTH K DEPTH K DEPTH K DEPTH K
m W/m°C m W/m°C m W/m°C m W/m°C
0.1 0.81 0.2 0.83 0.1 _ 0.1 0.83
0.2 0.88 0.4 0.81 0.2 - 0.3 0.86
0.4 0.85 0.6 0.91 0.4 0.95 0.5 0.91
0.6 0.91 0.8 0.89 0.6 0.95 0.7 0.91
0.8 0.91 1.0 0.87 0.8 0.91 0.9 0.86
1.0 0.89 1.2 0.83 1.0 0.92 1.1 0.96
1.2 0.89 1.4 0.87 1.2 0.93 1.3 0.85
1.4 0.85 1.6 0.88 1.4 0.89 1.5 0.89
1.6 0.91 1.8 0.85 1.6 0.94 1.7 0.82
1.8 0.92 2.0 0.89 1.8 0.92 1.9 0.89
2.0 0.92 2.2 0.89 2.0 0.91 2.1 0.94
2.2 0.89 2.4 0.84 2.2 0.89 2.3 0.91
2.4 0.87 2.6 0.89 2.4 0.89 2.5 0.91
2.6 0.87 2.8 0.91 2.6 0.92 2.7 0.92
2.8 0.87 3.0 0.91 2.8 0.94 2.9 0.94
3.0 0.91 3.2 0.91 3.0 0.90 3.1 0.95
3.2 0.87 3.4 0.97 3.2 0.90 3.3 0.97
3.4 0.89 3.6 0.93 3.4 0.87 3.5 0.96
3.6 0.92 3.8 0.93 3.6 0.94 1/R=0.90
3.8 0.89 4.0 0.95 3.8 0.91
1/R=0.8 9 4.2 0.93 1/R=0.9 2
1/R=0.8 9
Table 3.1 Continued
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FRK01 FRK02 FRK03 FRK04
LAT 19 47.57S LAT 19 07.04S LAT 18 42.31S LAT 20 06.77S
LONG 115 05.55E LONG 114 07.88E LONG 113 25.99E LONG 114 20.84E
WD 1138.0 m WD 1313.0 m WD 1342.0 m WD 1260.0 m
WBT 4.92 WBT 4.58 WBT 4.36 WBT 4.72
DEPTH K DEPTH K DEPTH K DEPTH K
m W/m° C m W/m° C m W/m° C m W/m°C
0.2 0.72 0.1 0.78 0.1 0.77 0.0 0.72
0.4 0.70 0.3 0.75 0.3 0.78 0.2 0.72
0.6 0.70 0.5 0.76 0.5 0.83 0.4 0.73
0.8 0.76 0.7 0.77 0.7 0.84 0.6 0.75
1.0 0.66 0.9 0.76 0.9 0.82 0.8 0.75
1.2 0.72 1.1 0.77 1.1 0.82 1.0 0.74
1.4 0.73 1.3 0.80 1.3 0.82 1.2 0.74
1.6 0.71 1.5 0.79 1.5 0.85 1.4 0.7500 1—1 0.72 1/R=0.77 1.6 0.87 1.6 0.76
1/R=0.71 1/R=0.8 2 1/R=0.74
FRK05 FRK06 FRK07 FRK08
LAT 20 43.49S LAT 19 31.85S LAT 20 41.11S LAT 21 06.12S
LONG 114 25.15E LONG 112 46.34E LONG 113 53.09E LONG 113 37.17E
WD 787.0 m WD 1447.0 m WD 1094.0 m WD 1197.0 ra
WBT 6.65 WBT 3.68 WBT 4.59 WBT 4.99
DEPTH K DEPTH K DEPTH K DEPTH K
m W/m°C m W/m°C m W/m° C m W/m° C
0.1 0.73 0.1 0.77 0.1 0.77 0.2 0.78
0.3 0.75 0.3 0.78 0.3 0.80 0.4 0.78
0.5 0.79 0.5 0.78 0.5 0.79 0.6 0.84
0.7 0.80 0.7 0.80 0.7 0.81 0.8 0.82
0.9 0.78 0.9 0.78 0.9 0.80 1.0 0.81
1.1 0.78 1.1 0.79 1.1 0.79 1.2 0.83
1.3 0.79 1.3 0.79 1.3 0.80 1.4 0.84
1.5 0.76 1/R=0.7 8 1.5 0.82 1/R=0.81
1/R=0.77 1/R=0.80
Table 3.1 Continued
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FRK09 FRK10 FRK11 FRK12
LAT 20 21.33S LAT 19 54.20S LAT 20 35.49S LAT 20 51.46S
LONG 112 58.51E LONG 112 13.78E LONG 112 11.33E LONG 112 41.90E
WD 848.0 m WD 1386.0 m WD 1380.0 m WD 1135.0 m
WBT 5.51 WBT 5.92 WBT 4.39 WBT 4.55
DEPTH K DEPTH K DEPTH K DEPTH K
m W/m°C m W/m° C m W/m° C m W/m°C
0.2 0.76 0.1 0.77 0.1 0.78 0.1 0.80
0.4 0.84 0.3 0.79 0.3 0.78 0.3 0.78
0.6 0.85 0.5 0.86 0.5 0.86 0.5 0.85
0.8 0.85 0.7 0.88 0.7 0.81 0.7 0.87
1.0 0.83 0.9 0.83 0.9 0.81 0.9 0.83
1.2 0.82 1.1 0.83 1.1 0.85 1.1 0.82
1.4 0.84 1.3 0.83 1.3 0.85 1.3 0.88
1.6 0.83 1.5 0.84 1/R=0.8 2 1/R=0.8 3
1/R=0.8 3 1.7 0.88
1/R=0.8 3
FRK13 FRK14
LAT 21 16.78S LAT 21 47.85S
LONG 113 41.44E LONG 113 30.54E
WD 1097.0 m WD 1280.0 m
WBT 5.67 WBT 4.88
DEPTH K DEPTH K
m W/m° C m W/m°C
0.2 0.81 0.2 0.75
0.4 0.79 0.4 0.75
0.6 0.81 0.6 0.77
0.8 0.81 0.8 0.83
1.0 0.88 1.0 0.78
1.2 0.82 1.2 0.79
1.4 0.77 1.4 0.77
1/R=0.81 1.6 0.84
1/R=0.7 8
Table 3.1 Continued
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TITLE LATITUDE LONGITUDE WD K dT Q N TILT WBT
EPHF01 19 54.40S 114 58.16E 1162 0.79 95.0 68.0 6 NONE 4.31
EPHF02 20 03.36S 114 50.01E 1149 0.79 94.0 67.0 5 15° 4.53
EPHF03 20 00.39S 114 45.61E 1236 0.77 94.0 66.0 7 NONE 4.23
EPHF04 19 53.24S 114 34.21E 1276 0.77 74.0 52.0 6 NONE 3.98
EPHF05 19 48.48S 114 28.95E 1328 0.77 111.0 79.0 5 NONE 3.88
EPHF06 19 42.76S 114 19.58E 1353 0.86 92.0 74.0 4 NONE 3.89
EPHF07 19 41.35S 114 10.79E 1255 0.86 116.0 69.0 8 15° 3.99
EPHF08 19 40.93S 114 00.46E 1251 0.88 81.0 65.0 5 NONE 4.21
EPHF09 19 33.23S 113 53.16E 1139 0.88 50.0 39.0 4 NONE 4.53
EPHF10 19 33.47S 113 46.97E 1175 0.88 43.0 33.0 3 NONE 4.40
EPHFll 19 38.56S 113 40.40E 1098 0.90 37.0 31.0 3 NONE 4.60
EPHF12 19 35.28S 113 30.78E 947 0.90 38.0 32.0 6 NONE 5.23
EPHF13 19 29.89S 113 21.29E 922 0.89 36.0 30.0 4 15° 5.27
EPHF14 19 24.64S 113 13.90E 980 0.89 25.0 20.0 5 NONE 4.97
EPHF15 19 19.91S 113 06.44E 1266 0.87 71.0 57.0 4 NONE 4.08
EPHF16 19 14.52S 112 59.21E 1490 0.87 83.0 68.0 3 NONE 3.40
EPHF17 19 07.72S 112 51.27E 1671 0.87 64.0 48.0 3 15° 2.84
EPHF18 19 04.01S 112 44.44E 2000 0.89 60.0 45.0 3 NONE 2.38
EPHF19 18 53.33S 112 37.56E 2257 0.92 41.0 33.0 3 NONE 2.21
EPHF19B 18 53.27S 112 36.98E 2223 0.92 55.0 44.0 6 NONE 2.21
EPHF20 18 53.15S 112 32.04E 2220 0.92 FAILED 0 >45° 2.14
EPHF21 18 52.57S 112 27.90E 2218 0.92 FAILED 0 >45° 2.11
EPHF22 19 32.08S 113 12.73E 935 0.89 38.0 31.0 6 NONE 5.19
EPHF23 19 38.02S 113 09.30E 940 0.92 70.0 56.0 3 NONE 5.11
EPHF24 19 44.00S 113 05.52E 952 0.89 FAILED 0 >45° 5.05
EPHF25 19 49.97S 113 02.07E 947 0.89 75.0 61.0 2 NONE 5.11
EPHF26 19 59.33S 112 56. H E 943 0.92 168.0 143.0 4 40° 4.91
EPHF27 20 05.65S 112 52.08E 909 0.92 44.0 39.0 5 40° 5.18
EPHF28 20 11.99S 112 47.85E 848 0.92 222.0 183.0 3 NONE 5.16
EPHF29 20 17.34S 112 44.15E 852 0.90 >68.0 >57.0 5 >45° 5.20
EPHF30 20 23.91S 112 39.97E 875 0.90 FAILED 0 >45° 5.30
EPHF31 20 29.89S 112 34.65E 953 0.90 81.0 65.0 2 NONE 5.09
EPHF32 20 35.41S 112 31.52E 1103 0.90 79.0 67.0 6 NONE 4.62
EPHF33 20 42.37S 112 26.91E 1264 0.90 61.0 51.0 2 NONE 4.02
EPHF34 20 48.04S 112 23.86E 1426 0.92 51.0 54.0 2 NONE 3.49
EPHF35 20 53.25S 112 20.26E 1427 0.92 66.0 57.0 6 NONE 3.41
EPHF36 21 01.21S 112 15.78E 1541 0.92 115.0 94.0 6 NONE 3.00
EPHF37 20 59.63S 112 04.46E 1270 0.92 FAILED 0 >45° 3.85
EPHF38 21 05.36S 112 00.49E 1780 0.92 FAILED 0 >45° 2.74
EPHF39 21 40.25S 111 38.71E 5053 0.92 53.0 44.0 6 NONE 1.24
EPHF40 19 35.50S 113 32.20E 1100 0.90 23.0 19.0 4 NONE 5.15
FRHF01 19 48.39S 115 03.04E 1186 0.73 108.0 78.0 6 NONE 4.92
FRHF02 19 54.46S 114 58.17E 1165 0.79 99.0 71.0 6 NONE 4.96
FRHF03 19 31.31S 114 42.16E 1458 0.86 68.0 55.0 6 NONE 4.21
FRHF04 19 07.29S 114 08.83E 1312 0.77 91.0 66.0 6 NONE 4.58
FRHF05 18 58.06S 113 52.99E 1386 0.80 102.0 76.0 6 15° 4.24
FRHF06 18 50.67S 113 40.57E 1425 0.86 63.0 51.0 5 20° 4.20
Table 3.2 Heat flow results from EP and FR surveys, see Figures (3.2) 
and (3.4) for locations. Table gives station title, latitude 
and longitude in degrees-decimal minutes, WD is water depth 
in metres, K is thermal conductivity in W/m°C, dT is  ^
temperature gradient in °C/m, Q is the heat flow in mW/m ,
N is the number of temperature measurements used in the 
determination of the temperature gradient, TILT is the tilt 
of the thermograd and WBT is the water bottom temperature in 
degrees Celsius.
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TITLE LATITUDE LONGITUDE WD K dT Q N TILT WBT
FRHF07 18 42.57S 113 27.86E 1348 0.86 77.0 60.0 6 NONE 4.36
FRHF08 19 02.02S 113 21.23E 1152 0.87 58.0 46.0 7 NONE 5.17
FRHF09 19 07.31S 113 29.24E 1048 0.87 50.0 40.0 7 30° 5.41
FRHF10 19 17.14S 113 42.64E 1283 0.88 73.0 59.0 8 NONE 4.86
FRHF11 19 29.02S 113 58.37E 1153 0.88 48.0 38.0 2 40° 5.07
FRHF12 19 36.39S 114 10.86E 1315 0.86 76.0 60.0 4 NONE 4.89
FRHF13 19 32.91S 113 53.22E 1144 0.88 51.0 40.0 3 NONE 5.13
FRHF14 19 47.24S 113 48.45E 1173 0.88 90.0 71.0 3 15° 4.96
FRHF15 20 08.28S 114 18.62E 1260 0.76 104.0 72.0 4 NONE 4.72
FRHF16 20 22.35S 114 39.44E 972 0.78 110.0 81.0 8 NONE 5.09
FRHF17 20 31.46S 114 31.28E 861 0.78 119.0 86.0 3 15° 6.22
FRHF18 20 44.16S 114 25.28E 748 0.78 145.0 106.0 4 30° 6.65
FRHF19 20 24.04S 114 03.51E 1144 0.78 100.0 74.0 7 NONE 4.41
FRHF20 20 07.92S 113 38.34E 1094 0.78 42.0 35.0 7 NONE 4.58
FRHF21 19 56.25S 113 21.86E 963 0.92 40.0 34.0 6 10° 5.03
FRHF22 19 52.89S 113 08.59E 910 0.92 62.0 52.0 6 NONE 5.05
FRHF23 19 49.84S 113 02.08E 940 0.92 70.0 59.0 2 NONE 5.74
FRHF24 19 38.02S 112 56.01E 1150 0.89 40.0 33.0 4 NONE 5.19
FRHF25 19 31.31S 112 45.83E 1430 0.89 FAILED 0 >45° 4.38
FRHF25B 19 31.89S 112 47.27E 1448 0.81 71.0 52.0 4 NONE 3.68
FRHF26 19 40.13S 112 20.28E 1510 0.92 FAILED 0 >45° 3.42
FRHF27 19 46.82S 112 30.64E 1358 0.92 76.0 63.0 4 NONE 4.47
FRHF28 19 53.78S 112 40.82E 1186 0.92 70.0 59.0 4 NONE 5.04
FRHF29 20 05.49S 112 51.96E 926 0.92 45.0 37.0 4 NONE 5.16
FRHF30 20 15.28S 113 11.39E 909 0.92 FAILED 0 >45° 5.33
FRHF31 20 27.71S 113 28.75E 1043 0.92 74.0 61.0 3 NONE 4.79
FRHF31B 20 35.98S 113 41.30E 1136 0.83 63.0 48.0 4 10° 4.48
FRHF32 20 41.11S 113 53.09E 1100 0.83 74.0 58.0 6 10° 4.59
FRHF33 20 56.38S 114 11.08E 646 0.83 84.0 64.0 5 NONE 6.62
FRHF34 21 13.80S 113 57.94E 716 0.83 90.0 68.0 4 30° 6.16
FRHF35 21 07.26S 113 36.83E 1198 0.84 102.0 79.0 3 NONE 4.92
FRHF36 20 47.08S 113 18.50E 1100 0.84 51.0 40.0 5 NONE 5.17
FRHF37 20 34.82S 113 00.47E 955 0.84 54.0 42.0 4 30° 5.12
FRHF38 20 20.98S 112 57.95E 980 0.84 131.0 101.0 3 40° 5.51
FRHF39 20 17.23S 112 44.18E 855 0.90 91.0 75.0 2 40° 6.14
FRHF40 20 11.10S 112 26.67E 1003 0.90 81.0 68.0 3 NONE 5.58
FRHF41 20 02.56S 112 14.31E 1275 0.86 108.0 84.0 3 NONE 4.03
FRHF42 19 53.85S 112 13.82E 1425 0.86 88.0 72.0 2 NONE 5.90
FRHF43 20 18.76S 111 58.29E 1482 0.85 64.0 49.0 2 NONE 4.13
FRHF44 20 28.45S 112 12.57E 1357 0.85 50.0 39.0 5 NONE 3.86
FRHF45 20 34.21S 112 11.20E 1378 0.85 55.0 41.0 3 NONE 4.39
FRHF46 20 41.29S 112 26.92E 1265 0.85 48.0 41.0 4 30° 4.14
FRHF47 20 52.30S 112 42.02E 1136 0.85 74.0 58.0 5 30° 4.55
FRHF48 20 54.15S 112 50.25E 1103 0.85 FAILED 0 >45° 5.71
FRHF49 21 06.65S 113 08.47E 1257 0.85 70.0 55.0 4 NONE 4.89
FRHF50 21 19.89S 113 28.46E 1300 0.83 71.0 55.0 4 10° 4.62
FRHF51 21 16.76S 113 41.16E 1115 0.83 101.0 78.0 4 NONE 5.70
FRHF52 21 30.65S 113 44.27E 976 0.83 117.0 90.0 7 NONE 5.75
FRHF53 21 48.26S 113 30.23E 1265 0.80 98.0 69.0 3 NONE 4.88
FRHF54 21 26.40S 112 58.14E 1602 0.80 FAILED 0 >45° 3.88
FRHF55 21 13.46S 112 39.38E 1882 0.80 FAILED 0 NONE 3.47
FRHF56 21 00.70S 112 15.54E 1538 0.92 FAILED 0 >45° 4.07
FRHF57 20 45.49S 111 58.50E 1446 0.92 FAILED 0 >45° 4.38
Table 3.2 Continued
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3.3 GEOHISTORY ANALYSIS 
3.3.1 INTRODUCTION
Thermal geohistory analysis is a method whereby structural, 
subsidence, maturation and temperature histories can be calculated from 
a stratigraphic column. In this chapter geohistory analysis is 
discussed in the context of the derivation of a surface heat flow and 
subsurface heat flow profiles from oil exploration well data. The 
independent surface heat flow measurement at 11 oil exploration well 
sites and two Ocean Drilling Program (O.D.P.) sites on the Exmouth 
Plateau present an opportunity to cross check these values with the 
heat flow values output from thermal geohistory analysis. The aim is to 
determine with what confidence heat flow from well data (derived from 
thermal geohistory analysis) can be used in areas where conventional 
deep sea heat flow measurements are not possible. The most notable 
areas where data is lacking are the shallow shelf areas, where 
coincidentally most of the oil exploration wells are located. As the 
direct measurement of heat flow with the use of a sea floor thermograd 
device was restricted to water depths of 750 metres or more (because of 
problems with sea floor temperature changes), the shelfal areas 
remained largely unsampled.
Geohistory analysis is a common tool used in the study of the 
depositional evolution of a sedimentary section. The classic geohistory 
models (Van Hinte, 1978) are purely geological, with a major emphasis 
on sediment backstripping and the timing and rate of sediment 
accumulation. The incorporation of thermal studies was proposed by 
Falvey and Middleton (1982). From this starting point there are now 
many methods and refinements; see Guidish and others (1985) for a 
recent review on the status of thermal geohistory analysis. The models 
and methods outlined by Guidish and others (1985) all contain 
analytical solutions to the heat flow equation. Due to the very limited
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number of special cases where the analytical solutions are directly 
applicable the method is fundamentally inadequate.
Whilst analytical methods do provide an adequate first look, 
numerical methods provide a means by which to improve the generality of 
the method. In particular it is necessary to account adequately for 
thermal transients. Heat production due to radioactive decay is also an 
important parameter and needs to be incorporated in the analysis (Keen 
and Lewis, 1982). The three major causes of transients in a sedimentary 
environment are the effects of sedimentation (the heat capacity of the 
sediments means that heat is used in heating the sediments to 
equilibrium temperature), the heat and mass transfer associated with 
fluid movement (either by compaction driven advection or convection) 
and finally the variation of basement heat flow due to tectonic process 
(such as thermal decay in the basin formation process). Hutchison 
(1985) developed a finite difference scheme to study the effects of 
sedimentation and compaction on oceanic heat flow. This section 
describes the adaptation of this scheme to geohistory analysis. This 
was undertaken with the goal of quantifying the surface heat flow 
anomalies that may exist in the surface heat flow data due to 
sedimentation effects. A brief mathematical development and program 
description for this improved geohistory method is given below.
3.3.2 MATHEMATICAL DEVELOPMENT
Thermal geohistory analysis incorporates the transient one 
dimensional heat flow equation,
(pfcf^+psCs(l-^))atT=e(KazT-pfcf(l-^)Vf-psCs</)Vs)+S (3.11) 
where T(z,t) is the temperature field, p^(z,t), c^ .(z,t), V^(z,t) 
are the pore fluid density, heat capacity, p (z,t), cs(z,t),
Vg(z,t) are sediment density, heat capacity and velocity and K(z,t) 
is the composite thermal conductivity at depth z, S(z,t) is the 
internal heat production and 4>(z,t) is porosity and z is positive
3:HEAT FLOW DATA 59
downwards. The boundary conditions can be specified by either 
temperature or flux conditions. The mathematical development and 
numerical approximation for equation (3.11) can be found in Hutchison 
(1985) for the case of continuous sedimentation of one lithological 
type. It is well posed, consistent, convergent and unconditionally 
stable and only suffers from minor truncation errors and numerical 
round-off errors in the computational process. The truncation errors 
are due to the replacement of the partial derivatives in equation 
(3.11) by a truncated Taylor series approximation. A non uniform mesh 
is used to conserve computing time and a forward implicit method is 
used to ensure convergence. The numerical method requires the solution 
of a set of simultaneous linear algebraic equations whose coefficient 
matrix is solved by Gaussian elimination or the Thomas Algorithm. The 
latter has better round-off characteristics and requires the evaluation 
of two recursion relationships and not the more involved matrix 
inversion of the former.
Although this formulation is applicable to geohistory analysis a 
few modifications are required. Compaction must be described in terms 
of load, instead of depth, to reflect differing lithologies (and 
differing decompaction characteristics) in the geological section. This 
modification allows for multi-layer decompaction, the compaction 
parameters themselves now being a function of load and can change with 
time (decompaction). Compaction and compaction driven flow must stop at 
times of uplift and not recommence until a load equivalent to the 
maximum load is reached. The sediment velocity input for the solution 
of the heat equation (3.11), is derived from the sediment backstripping 
analysis.
3.3.3 PROGRAM DESCRIPTION
There are two aspects to the thermal geohistory analysis. The first 
phase is the classic geohistory phase of backstripping. It is
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essentially a backward model in which the time depth relationship of 
any given horizon is derived from the stratigraphic column (Van Hinte, 
1978). The thermal regime can be calculated concurrently if simplified 
analytical expressions of equation (3.11) are used. The method 
developed for this thesis does not calculate the thermal regime 
concurrently with the backstripping. Instead the backstripping is 
performed first, then the output from this aspect is used to solve the 
full expression given in equation (3.11). As there is no simple 
analytical expression for the solution of equation (3.11) it is solved 
by an implicit numerical method: see Hutchison (1985) . There are a few 
changes to this scheme that are needed, with reference to the appendix 
in Hutchison (1985);
1. Equation (A4) is replaced by d T. . = (T. _ . - T. - .)/2Ayy i,J i+l,J i-l,J
2. Equation (A5) introduces a bias in the system towards the node i-l, 
to overcome this physical parameters between adjacent nodes are 
averaged.
3. Equation (A7) is incorrect and should read,
[ (^ ?i_l/At7i) + (^i/At72)]Ti,j_i = " (QKi/72)Ti+l, j
(Ai_l/7i) - (Ai/72)
+ [^1 - i/i_1 + (r?i_1/At71) + (aKi_1/71) + (r?i/At72) + (aKi/72)]Ti
4. Unconditional stability is assured so long as fluid velocities are 
small, but better performance is achieved if upwinding is incorporated 
in the difference scheme.
The output from the analysis is; time-depth paths for individual 
horizons, present day surface heat flow, time-depth-temperature and 
time-depth-heat flow profiles, time-depth-velocity profiles (either 
sediment, basement or pore fluid), time-depth-vitrinite reflectance 
profiles and thermal subsidence time-depth calculations for the 
basement. The thermal aspects are considered here in order to ascertain 
overall data quality and to make some overall comments on the accuracy
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and applicability of the method itself. Maturation calculations are 
discussed in Chapter (7.3).
3.3.4 RESULTS
The location and title of the 13 wells used in this study are given 
in Figure (3.12). All of them are coincident with heat flow stations 
from either or both the EP or FR survey. The wide distribution of the 
wells over the Exmouth Plateau means that the geohistory analysis will 
represent to a great degree the geological and thermal evolution of the 
plateau. The geohistory analysis of each well is discussed below. 
Eendracht
The temperature plot for this well, Figure (3.13), shows the 
characteristic pull up in the isotherms as the sediment layer thickens. 
This is largely due to the lower thermal conductivity of the sediments 
relative to the basement rocks, and hence the ability of the sediment 
to support a relatively higher temperature gradient. The temperature 
profile of this well (and all subsequent wells) is based on the present 
day heat flow calculation from the bottom hole temperature (BHT). The 
modelling has assumed a constant heat flow at this level for all time, 
in this way it is possible to quantify the thermal anomaly in the 
temperature and heat flow due to the geological processes of the basin 
formation. The discrepancy between the measured and the calculated 
temperature corresponding to the BHT depth reflects the level of this 
thermal anomaly. The assumption of constant heat with time at the 
present day level is clearly erroneous. However, with the errors in the 
assumed thermal conductivity profile and the BHT, mean that it would be 
difficult to truly represent the temperature profile even if the 
palaeo-heat flow was better known. Where the thermal geohistory 
analysis is useful is in the modelling of the relative temperature 
changes in the temperature profile due to the effects of sedimentation, 
compaction, uplift, erosion, fluid flow and most importantly the change
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in surface heat flow relative to basement heat flow.
The most sensitive way to look at the thermal anomalies associated
with basin formation is via the calculated heat flow. This has been
done and the results are presented in Figure (3.14). For this location
2the heat flow at basement depth was calculated to be 96 mW/m . Note
the massive reduction in the heat flow due to the high sedimentation
rate in the period from 250-210 Myr BP. The present day depth-heat flow
profile illustrates that there is a reduction of heat flow with depth
and that the heat flow anomaly between the calculated present day heat
flow level (calculated from BHT data and plotted as the surface heat
flow in the figure, this explains the rather sharp 'dog leg' in the
heat flow curve near the surface) and the calculated heat flow from
2geohistory analysis is of the order of 10 mW/m . The overall effect 
of the geological processes on the heat flow are evident from 
Figure (3.15). It is possible to associate the major differences 
between basement and surface heat flow levels with times of rapid 
sedimentation. It seems that even though there has only been a very low 
sedimentation rate for the last 100 million years, the location has not 
fully recovered (thermally). This feature was first noted by Hutchison 
(1985) ; the cumulative sedimentation rate is just as important as the 
absolute rate at any one time in quantifying the overall thermal 
response of a sedimentary section.
Investigator
The heat flow at this well site, calculated from BHT data, is
273 mW/m . Consequently the temperatures with depth are less than at 
the Eendracht location, this is reflected in the depth-temperature-time 
plot given in Figure (3.16). The associated heat flow anomalies can be 
gauged from Figure (3.17). Note again the massive perturbations in 
surface heat flow due to rapid sedimentation at the inception of the 
basin, as well as at 150-130 Myr BP, when there was an equally high
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Figure 3.12 Title and location of well sites where thermal 
geohistory analysis was undertaken. Note that 
Vinck and ODP763 wells are co-located as are 
Eendracht and ODP762 wells.
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Figure 3.13 Time-depth-temperature plot for Eendracht well, 
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.14 Time-depth-heat £low plot for Eendracht well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.15 Temporal variation of; stripped basement depth, 
basement heat flow, surface heat flow, 
sedimentation/erosion rates and basement 
subsidence/uplift rates for Eendracht well.
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rate of sedimentation, see Figure (3.18). The heat flow reduction is 
not as high as previously, this is due to several factors, most 
importantly the effect of pore fluid expulsion due to compaction, in 
rapidly equilibrating the temperature field. This process is not so 
active when the basin was initiated because there is a lack of a 
sufficient sediment and hence pore fluid. Thus the heat flow 
perturbation due to sedimentation is also a function of the amount of 
pre-existing sediment thickness.
Jupiter
2The heat flow at the Jupiter location is 50 mW/m . The 
corresponding temperature field is shown in Figure (3.19). The low BHT 
gives rise to a low geothermal gradient and so low temperatures at 
depth. The perturbations on heat flow can be seen in Figure (3.20). The 
rise in heat flow at 170-150 Myr BP is due mainly to rapid uplift 
during this time, however the rise is very small indeed, as can be seen 
from Figure (3.21).
Mercury
2The heat flow at this location is 54 mW/m and the cumulative
2sedimentation has produced an anomaly less than 5 mW/m . The very low 
sedimentation rates which have existed for most of the site's history 
have affected the heat flow levels only slightly. The temperature, heat 
flow and surface heat flow anomalies can be seen in Figures (3.22), 
(3.23) and (3.24) respectively.
ODP762
The ODP762 well twinned the Eendracht well and so it is possible to
calculate the heat flow from two independent sources. The heat flow
2from the ODP762 data gives heat flow levels 79 mW/m , compared to 96
2mW/m for the Eendracht well. The temperature field, see
Figure (3.25), for the ODP762 location is also markedly different to
that of the Eendracht well. This difference and the marked contrast
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Figure 3.16 Time-depth-temperature plot for Investigator well, 
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.17 Time-depth-heat flow ^lot for Investigator well, heat 
flow contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.18 Temporal variation of; stripped basement depth, 
basement heat flow, surface heat flow, 
sedimentation/erosion rates and basement 
subsidence/uplift rates for Investigator well.
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Figure 3.19 Time-depth-temperature plot for Jupiter well,
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.20 Time-depth-heat £low plot for Jupiter well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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also found in the heat flow, compare Figures (3.26) and (3.14), can be 
explained as being due to the lack of deep temperature and thermal 
conductivity data at the ODP762 well. This highlights the difficulty in 
using shallow thermal data extrapolated to greater depths in thermal 
geohistory analysis. The ODP762 data however does allow a comparison 
between using sparse stratigraphic data (in the case of the Eendracht 
well) and a large data set for the shallow section. Comparison of the 
surface heat flow anomaly plots between ODP762 and Eendracht, Figures 
(3.27) and (3.15) respectively, show that well data is generally 
sufficiently dense to undertake meaningful modelling.
ODP763
This ODP well twinned the Vinck well location. A full comparison 
will be given in the description of the Vinck well below. The 
temperature field for this location is shown in Figure (3.28). Like all 
the previous analyses it shows a pull up in the isotherms as the 
sediment thickness increases. The sedimentation rates, see 
Figure (3.30), since 150 Myr BP have been too small to greatly affect 
the subsurface heat flow. The only major anomaly is found at the 
inception of sedimentation, see Figure (3.29). However the cumulative 
sedimentation has been sufficient to maintain an anomaly of about 
8 mW/m^.
Resolution
The temperature field for this well, Figure (3.31), shows similar 
characteristics to those already discussed. The heat flow plot,
Figure (3.32), however shows some interesting new features; there is a 
rise in the heat flow associated with the uplift experienced at about 
165 Myr BP, and as would be expected there is a phase lag of about 10 
million years between the peak heat flow and the uplift event. The 
uplift also produces a small, but perceptible reduction in the 
difference between the basement and surface heat flow, see
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Figure 3.22 Time-depth-temperature plot for Mercury well,
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.23 Time-depth-heat fjlow plot for Mercury well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.25 Time-depth-temperature plot for ODP762 well,
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.26 Time-depth-heat £low plot for ODP762 well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.28 Time-depth-temperature plot for ODP763 well,
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.29 Time-depth-heat £low plot for ODP763 well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.30 Temporal variation of; stripped basement depth, 
basement heat flow, surface heat flow, 
sedimentation/erosion rates and basement 
subsidence/uplift rates for ODP763 well.
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Figure (3.33) .
Saturn
2The surface heat flow from BHT data at this well is 70 mW/m ,
whereas geohistory analysis predicts a heat flow level of only 63
2mW/m . The anomaly in this case is clearly reflected in Figure
(3.34), where the BHT clearly falls well away from the calculated
temperature curve. This is mainly due to an added reduction to the
subsurface heat flow which in turn is due to sustained sedimentation in
the period 150-70 Myr BP. The second pulse of heat flow reduction is
clearly seen in Figure (3.35), where the surface heat flow falls below
260 mW/m from 110 to 60 Myr BP.
Scarborough
The Scarborough well location is perhaps the most interesting
location from a heat flow point of view. The present day surface heat
2flow from BHT data is 156 mW/m , a very high level. The isotherms 
shown in Figure (3.37) are very close indeed. The heat flow plot given 
in Figure (3.38) illustrates that the heat flow profile in the 
sediments never really recovered from the first major episode of 
sedimentation 240-220 My BP. The marked difference between the basement 
and surface heat flow levels is clearly seen in Figure (3.39). The 
effect of sedimentation is to reduce the surface and subsurface heat 
flow levels by a fixed relative amount, rather than by a fixed absolute 
amount. Consequently when there is a high basal heat flow there is a 
corresponding large anomaly, as seen in Figure (3.39), but the relative 
reduction is of the same order as those discussed above. The geohistory 
for this well is not greatly different from the Saturn well discussed 
previously. The difference in the heat flow levels is however 156 to 70 
mW/m^.
Sirius
The temperature, heat flow and surface heat flow anomaly plots for
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Figure 3.31 Time-depth-temperature plot for Resolution well, 
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.32 Time-depth-heat £low plot for Resolution well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.34 Time-depth-temperature plot for Saturn well,
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.35 Time-depth-heat £low plot for Saturn well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.36 Temporal variation of; stripped basement depth, 
basement heat flow, surface heat flow, 
sedimentation/erosion rates and basement 
subsidence/uplift rates for Saturn well.
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Figure 3.37 Time-depth-temperature plot for Scarborough well, 
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.38 Time-depth-heat flpw plot for Scarborough well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Sirius are given in Figures (3.40), (3.41) and (3.42) respectively. The
2heat flow at this location is calculated to be 74 mW/m , with a
2basal-surface heat flow anomaly in the order of 10 mW/m . The 
individual plots contain no special features not already previously 
seen and discussed.
Vinck
The surface heat flow BHT data for the Vinck location is 65
2 2mW/m , which is very close to the ODP763 well value of 64 mW/m .
Recall that the ODP763 well is at the same location, so it is
encouraging that the same heat flow from two close wells is
approximately the same. The temperature field for Vinck, Figure (3.43),
is however markedly different from the temperature field of ODP763, see
Figure (3.28). This is wholly due to the different thermal conductivity
profiles used. In the case of all the oil exploration wells the thermal
conductivity is based on the porosity profile and lithology type. On
the other hand thermal conductivity data exists for the ODP wells. The
systematic error that seems to be coming out of the comparison between
ODP and oil well data, (recall the comparison between Eendracht and
ODP762), is that while it may be able to match the surface heat flow it
is difficult to match the subsurface temperature profile.
Zeenaard
The temperature, heat flow and surface heat flow anomaly plots for
Zeepaard are given in Figures (3.46), (3.47) and (3.48) respectively.
2The heat flow at this location is calculated to be 98 mW/m , with a
2basal-surface heat flow anomaly in the order of 12 mW/m . The 
individual plots contain no special features not already previously 
seen and discussed.
Zeewulf
The temperature, heat flow and surface heat flow anomaly plots for 
Zeewulf are given in Figures (3.49), (3.50) and (3.51) respectively.
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Figure 3.41 Time-depth-heat £low plot for Sirius well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.42 Temporal variation of; stripped basement depth, 
basement heat flow, surface heat flow, 
sedimentation/erosion rates and basement 
subsidence/uplift rates for Sirius well.
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Figure 3.44 Time-depth-heat £low plot for Vinck well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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The heat flow at this location is calculated to be 96 mW/m^, with a
2basal- surface heat flow anomaly in the order of 14 mW/m . The 
individual plots contain no special features not already previously 
seen and discussed.
Summary
From the results of the thermal geohistory analysis it is possible 
to quantify to some extent the surface heat flow at each well location 
and the surface heat flow anomalies due to compaction, uplift and 
compaction driven advection that could be expected at these well 
locations. These quantities are given below in Table (3.3), and a full 
discussion ensues in the Results and Discussion section concerning the 
heat flow data, which follows (Section 3.4). The immediate conclusion 
that can be derived from the previous discussion is that generally 
thermal geohistory analysis, without measured thermal conductivity data 
and correct temperature data gives a poor indication to the surface 
heat flow and subsurface temperature. Whilst it is possible to match 
measured and thermal geohistory heat flow levels it is difficult to 
derive the correct subsurface temperature concurrently. In part the 
problem results from the fact that it is a one (spatial) dimension 
analysis and in part from the fact that there are too many assumptions 
used in the method. The method described can however be used to correct 
surface heat flow measurement for sedimentation effects.
3.4 RESULTS AND DISCUSSION: HEAT FLOW DATA
Two new heat flow data sets have now been developed. Concerns 
regarding data reliability and accuracy can be addressed to a certain 
degree by cross checking. In the case of the thermograd data, internal 
checks are possible as several stations are at the same locality and 
should have the same heat flow levels. Some of the data locations are 
also coincident with the geohistory heat flow sites and consequently it
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Figure 3.46 Time-depth-temperature plot for Zeepaard well,
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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AGE (MILLION YEARS) HEAT FLOW mW/m**2
Figure 3.47 Time-depth-heat £low plot for Zeepaard well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.48 Temporal variation of; stripped basement depth, 
basement heat flow, surface heat flow, 
sedimentation/erosion rates and basement 
subsidence/uplift rates for Zeepaard well.
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Figure 3.49 Time-depth-temperature plot for Zeewulf well,
temperature in °C. Plot on left shows calculated 
present day profile (solid line) and measured BHT 
(dot).
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Figure 3.50 Time-depth-heat £low plot for Zeewulf well, heat flow 
contours in mW/m , plot on left shows calculated 
present day heat flow. Top most heat flow value is 
calculated from BHT.
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Figure 3.51 Temporal variation of; stripped basement depth, 
basement heat flow, surface heat flow, 
sedimentation/erosion rates and basement 
subsidence/uplift rates for Zeewulf well.
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is possible to cross check the data. Finally two of the wells are 
twinned with other wells, so allowing an internal cross check of the 
geohistory data as well.
WELL BACKGROUND SURFACE SURFACE ANOMALY
NAME HEAT FLOW^BF) HEAT FL^W(SF) AQ=BF-^F AQ/BF 
mW/m mW/m mW/m %
Eendracht 96 84 12 12
Investigator 73 63 10 13
Jupiter 50 44 6 12
Mercury 54 46 8 14
ODP762 79 69 10 12
ODP763 64 56 8 12
Resolution 80 70 10 12
Saturn 70 61 9 13
Scarborough 156 134 22 14
Sirius 74 64 10 13
Vinck 65 57 8 12
Zeepard 98 91 9 9
Zeewulf 96 84 12 13
Table 3.3. Summary of heat flow results from geohistory analysis
There is also another feature of the thermograd data that can be 
taken advantage of in the evaluation of the heat flow data. There is a 
time span of 15 months between the EP survey and the FR survey and thus 
it should be able to quantify to some extent the temporal change, if 
any, of the heat flow data. The study on temporal changes constitutes 
the determination of yet another correction factor for the heat flow 
data set and so before the data is discussed in the light of accuracy 
and reliability this correction factor should be determined. The 
section below firstly details the (absence of) temporal change in the 
heat flow data and then discusses the overall accuracy of the data. 
Temporal Changes
The EP series heat flow values were undertaken on a survey 
conducted during January 1986, heat flow at EPHF40 was measured during 
July 1986 and the FR survey was conducted in April 1987. Due to the 
coincidence of many of the station locations, together with the
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measurement of the water temperature just above the sea floor it is 
possible to quantify the temporal temperature changes. These changes 
are largely due to changes in the near sea floor water temperature, 
mainly due to current activity. A change in the water bottom 
temperature is a change in the top boundary condition, and so effects 
the temperature and hence heat flow of the sediments. A full discussion 
of temporal (transient) effects due to varying boundary conditions on 
heat flow can be found in Buntebarth (1984). This discussion is 
important in the context that due to the relatively shallow penetration 
of the thermograd at most of the station locations the heat flow 
results are derived from a region that is the most sensitive to bottom 
water temperature changes.
One of the best indications of varying water bottom temperature is 
the presence of negative heat flow values (Taylor and Allen, 1987).
This transient would arise for example if there is a rise in the sea 
floor and heat flow was measured before the system equilibrated. The 
total absence of negative heat flow values from the thermograd heat 
flow data set is one of the first indications that there is no sea 
floor current activity over the region.
Sea floor temperature changes can also be mapped from the 
thermograd temperature data base. Figure (3.52) is a contour plot of 
the near sea floor water temperature for the EP survey. Note that the 
isotherms roughly parallel water depth. Any discrepancy is probably due 
to insufficient sampling, however the data does provide a bench mark 
from which to gauge any temporal changes. Note there appears to be a 
lack of any isotherm embayments which would suggest current activity. 
The implicit assumption is that currents have a different temperature 
than the stagnant deep sea water. Currents of water which have the same 
temperature as the normal sea floor water have no thermal effect on the 
temperature field, so the argument can be confined to currents of water
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Figure 3.52 Contour plot of near sea floor temperature data from 
EP survey. Contours in °C, data points shown as dots, 
contour grid 10'xlO'.
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of differing temperature. Figure (3.53) shows an isotherm contour plot 
of the FR series data. This survey was more widespread and thus there 
is greater confidence in the data representing the true spatial 
variation of sea floor temperature. As before it can be seen that the 
isotherms parallel the bathymetry. In this case the parallelism is much 
stronger, and it can be said with some confidence that the sea floor 
temperature over the Exmouth Plateau is dominated by the simple 
isoclinal decrease of temperature with depth of sea water. This plot 
also shows a lack of isotherm incursion that would reflect the presence 
of currents over the region. Figure (3.54) is a plot of all the sea 
floor temperature versus depth data. The EP series data fits a smooth 
isocline of gradual temperature decrease with depth. The discrepancy 
between this data and the FR series data is perhaps wholly due to lack 
of accuracy in the absolute temperature calibration of the individual 
thermistors. The FR series data fits two trends, one identical to the 
EP series and the other parallel to it but offset by a constant amount. 
If a constant 0.8 °C is subtracted from the FR series data (remembering 
that the FR survey was conducted in a short time and the only 
difference between the data points was the thermistor string, see 
Appendix B, so temperature with depth for this data should be smooth), 
the correspondence between the data is remarkably good. A contour plot 
of this is given in Figure (3.55), from this it can be concluded that 
there is negligible sea floor temperature variation.
The apparent lack of sea floor temperature variation with time 
means that no corrections to the measured heat flow data need be 
undertaken for this effect. Longer period sea floor temperature changes 
cannot be determined from the data set, however Rochford (1977) in a 
study of upwelling currents on the west coast of Australia concluded 
that there have been no major bottom currents since the beginning of
the Tertiary.
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Figure 3.53 Contour plot of near sea floor temperature data from 
FR survey. Contours in °C, data points shown as dots, 
contour grid 10'xlO'.
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Figure 3.54 Temperature-depth plot of near sea floor temperature 
for EP and FR data.
GA
SC
OY
NE
 A
BY
SS
AL
 P
LA
IN
3:HEAT FLOW DATA 114
cn
*oo
LL-1 CD
^ vHo
CD
* oO
o
OJ
OJ
w 000S
Figure 3.55 Contour plot of near sea floor temperature for EP nd FR 
surveys. Contour value is °C, data points shown as 
dots, 10'xlO' contour grid.
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Another important outcome of the isoclinal plot (Figure 3.54) is 
found in its gradient. Recall that the thermograd was held above the 
sea floor for the purpose of internal calibration. The error in the 
sediment thermal gradient can be judged from the isoclinal gradient, at 
worst the temperature gradients are an under-estimate by 3 °C/km, and 
for most of the stations it is less than half this value.
Repeatability
Table (3.4) below lists the heat flow stations where more than one 
data point exists. In most cases there is a very good agreement between 
any two measured heat flow values and a good to very poor comparison 
between the measured and the calculated heat flow values (from thermal 
geohistory analysis). There is a good agreement between different wells 
at the same location. Clearly, the most problematic heat flow data is
TITLE Q TITLE Q TITLE Q
EPHF01 68 FRHF02 71 SATURN 70
EPHF09 39 FRHF13 40 MERCURY 54
EPHF12 32 EPHF40 19 JUPITER 50
EPHF19 33 EPHF19B 44
EPHF25 61 FRHF23 59
EPHF27 39 FRHF29 37
EPHF29 >57 FRHF39 75
EPHF33 51 FRHF46 41
FRHF18 106 ZEEPARD 98
FRHF22 52 SCARBOROUGH 156
FRHF35 79 ZEEWULF 96
FRHF38 101 INVESTIGATOR 73
ODP762 79 FRHF42 72 EENDRACHT 96
ODP763 64 FRHF45 41 VINCK 65
FRHF47 58 SIRIUS 74
FRHF51 78 RESOLUTION 80. .
V20-147 61 (Anderson etal 1977) EPHF18 45
TABLE 3.4 Heat flow detrminations at the same locality. TITLE
refers to the measured heat flow^name or well name and Q 
is the surface heat flow in mW/m for that site.
that derived from thermal geohistory anlaysis. Due to the problems of 
poor control on the thermal conductivity profile, the error in the BHT 
and the fact that BHT are derived at depths in the order of 2000 to
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3000 metres (sub-sea floor), it is therefore very difficult to compare 
the measured surface heat flow with a heat flow value calculated at 
greater depths and extrapolated to the surface.
The results from thermal geohistory analysis show that the 
fundamental assumption that heat flow is constant with depth is not 
valid in cases where there are transient phenomena, such as 
sedimentation. In a broader sense, vertical heat flow in a two or three 
dimensional frame work, is not conserved if there are large pore fluid 
velocities or there are large lateral variations in the physical 
properties of the sediments. The poor comparision between the measured 
surface heat flow and the calculated thermal geohistory heat flow may 
in part be also due to these effects. In otherwords the one dimensional 
(depth) aspect in thermal geohistory may be inadequate in explaining 
surface heat flow, as the temperature data (BHT) for this analysis is 
too far from the surface. In the case of the Exmouth Plateau this is 
most probably the case, as it is suspected that pore fluid convection 
is causing a massive redistribution of subsurface heat flow.
Geohistorv Analysis Heat Flow
Also shown in Table (3.4) is a comparison between measured heat 
flow and the heat calculated from BHT data in the geohistory analysis. 
It is impossible to make a point-wise comparison between the measured 
and geohistory heat flow values because of the assumptions regarding 
the thermal conductivity profile made in the latter. In general however 
thermal geohistory analysis tends to over estimate heat flow, and this 
amount varies considerably between individual well locations. This is 
unfortunate because it means that it is not possible to use thermal 
geohistory analysis as a means to supplement the heat flow data set.
A heat flow contour plot from geohistory analysis parallels and 
supports the overall heat flow trends seen in the measured heat flow 
data. However the lack of accuracy makes it very difficult to use the
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data in conjunction with the measured heat flow data. For this reason 
the absolute heat flow values from geohistory are not used for any 
further purpose. The problem with the heat flow from geohistory is 
illustrated in the differing temperature profiles at coincident wells 
with the same heat flow.
Heat flow levels for all the models were deliberately kept constant 
with time so as to determine the correction factor for sedimentation 
effects. From the tectonic subsidence plots it is possible to determine 
palaeo-heat flow histories using the models of Sleep (1971), Turcotte 
and Ahern (1977), McKenzie (1978), Royden and Keen (1980), Royden, 
Sclater and Von Herzen (1980), Sclater and Christie (1980), LePichon 
and Sibuet (1981), Beaumont, Keen and Boutilier (1982), Bessis (1986), 
Swift and others (1987). The calculation is quite straightforward, and 
an automatic method is given by Friedinger (1988) in his description of 
a FORTRAN-77 computer code for subsidence and palaeo-temperature 
calculations for rift basins. The main problem in using the models is 
that palaeo-heat flow is given in terms of surface heat flow, and as 
can be seen from the results surface heat flow is greatly perturbed by 
sedimentation. The problem now requires that the heat flow level at the 
bottom boundary needs to be specified. The depth to this bottom 
boundary, what heat flow level to apply and how both vary in time needs 
to be determined. These considerations are beyond the scope of this 
thesis. A reasonable approximation is used whereby a constant basal 
heat flow at 20 kilometres is assumed. However palaeo-heat flow models 
and calculations are not within the scope of this thesis and were not 
undertaken.
The one avenue of the geohistory analysis which is useful is the 
observation that the surface heat flow values over the Exmouth Plateau 
should consistently be about 12% of the basal heat flow; refer to 
Table (3.3). This provides a correction factor for the effect of
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sedimentation which reduces the surface heat flow. It is surprising 
that the correction factor is as high as 10%, considering that the 
region has been starved of sediment since the Cretaceous. The magnitude 
of the correction factor is probably an overestimate because thermal 
geohistory is a one (spatial) dimension analysis.
Summary
The surface heat flow data from geohistory analysis is considered 
too inaccurate to be used in any further analysis. The overall trend in 
the surface heat flow is similar to that shown in the thermograd data, 
but problems regarding a suitable thermal conductivity profile preclude 
the heat flow data from being considered seriously. Only in the absence 
of any other data is well temperature data used, and on such occasions 
it must be remembered that the heat flow value is largely a first 
approximation and model dependent.
The measured surface heat flow data however does appear to be 
reliable and accurate. Heat flow measurements at coincident sites give 
comparable results. Overall, after correction for thermistor 
temperature accuracy, measurement technique, thermal conductivity 
error, sea floor water temperature changes and sedimentation effects, 
heat flow values from the EP and FR survey are assessed to the accurate 
within 20% of the values stated in Table (3.2). In absolute values this 
correction factor has little effect on the measured low heat flow 
levels, however it does have a substantial effect on the absolute 
values of the highs. The fundamental heat flow pattern for the Exmouth 
Plateau still remains however; a low in the centre of the plateau and a 
high on the shelf. The heat flow values in Table (3.2) are used for 
modelling (as attention is focused on the heat flow lows, not the 
highs), however relative error was kept in mind in the modelling 
process. The error means that it may not be possible to duplicate 
exactly the measure surface heat flow by numerical modelling methods.
CHAPTER 4. DEVELOPMENT OF HEAT TRANSFER MODEL 119
Now that the surface heat flow pattern for Exmouth Plateau has been 
established it is appropriate to make some rudimentary interpretation 
and design the mechanisms by which this interpretation may be checked. 
This chapter provides the link between the previous chapters which 
dealt with that heat flow data set and the forthcoming chapters which 
are concerned with matters dealing with numerical modelling of heat 
transfer. The fundamental link between data and modelling is the need 
to validate a rudimentary interpretation of data with sophisticated 
techinques. This chapter explores the issues regarding the degree of 
sophistication needed to validate the interpretation that the surface 
heat flow pattern over Exmouth Plateau is due to large scale natural 
pore fluid convection in the sedimentary section. In effect the 
following discussion defines the rationale for the subsequent chapters 
dealing with mathematics, numerics and modelling.
Whilst there does exist a large amount of geological and 
geophysical data in the region which may aid the interpretation, the 
heat flow data set is the only major thermal data set that exists. Heat 
flow by its very nature is an isolated geophysical measurement: it has 
no seismic expression, negligible effect on the gravity field and 
infinitessimal magnetic signature. The effect of heat flow can be seen 
in rocks in the form of mineral alteration and other geochemical 
signatures, however there is little or no data from the Exmouth Plateau 
which would provide the means by which to do a definitive study on heat 
and mass transfer in the upper crust.
There is however one ready means by which to test any 
interpretation, namely by mathematical modelling. The discussion below 
deals with the development of a mathematical model. It is important 
that the mathematically model represents the geological environment as 
faithfully as possible. Consequently the discussion below is the 
general features that a mathematical model is required to have. Some of
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these features are then explicitly dealt with in Chapter 5, then 
incorporatated into the mathematical expressions governing the heat 
transfer given in Chapter 6. It must be reiterated that the main thrust 
of the thesis is mathematical modelling of natural pore fluid 
convection with the main constraint being the measured surface heat 
flow and not the presentation of other independent geophysical and 
geological evidence that would support conclusively the proposition of 
natural pore fluid convection.
If there is one fundamental assumption upon which this part of the
research rests it is that which states that the heat flow level at the
2top of the mantle is no less than 25 mW/m . Regional and global heat
flow studies by Von Herzen and Langseth (1965) and Sclater and others
(1980) have shown that this is the mantle heat flow level for most of
the earth, so assume this level for the the Exmouth Plateau. Having
established this base level of heat flow, it is reasonable to add an
2extra 20 mW/m due to radioactive decay in continental crust (Sclater
2and Francheteau, 1970) and arrive at a base level of 45 mW/m
(conductive) surface heat flow. The processes of heat sinking (other
than those due to sedimentation), such as endothermic reactions in the
crust, are not considered and so the principle of diffusive and
convective conservation of energy applies to heat transfer in the upper
2crust. However the Exmouth Plateau has an area of 4000 km where the
2surface heat flow is below this base level of 45 mW/m (see Figure
23.10), and indeed the lowest heat flow is 20 mW/m , just under the 
assumed basal (mantle) heat flow level. There must be some mechanism 
other than heat conduction which is diverting heat away from this low 
heat flow region, as heat flow is not conserved with depth at this 
locality, as conduction theory would predict.
As conduction (diffusion) of heat is unable to explain the 
mechanisms of how and why the heat flow low may come into existence,
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then the next logical step is to consider a conduction-convection 
system. This step simply requires the incorporation of the convective 
term in the heat flow equation. The presence of a subsurface pore fluid 
convection cell could be responsible for the heat flow low. This 
assessment is based wholly on a rudimentary analysis of the diffusive 
and convective heat flow equation which shows that this is a possible 
explanation. The aim of the modelling is to confirm the proposition 
with a more sophisticated mathematical analysis.
One indication of the occurrence of thermal convection used
frequently has been the presence of high heat flow areas. It is equally
true that low heat flow areas are indicative of convection, and perhaps
even more so as these cannot be explained away by thermal conductivity
effects as there is an effective lowest thermal conductivity that can
be realized. However, low heat flow values on continental crust have
been reported previously, and the authors have had no disposition to
assign the phenomena to pore fluid convection. For example, Birch
2(1967) reports low heat flow values, as low as 16 mW/m , possibly due 
to changes in sea floor temperature with time. This is unlikely in the 
case of Exmouth Plateau, for the reasons previously discussed in the 
data reduction Section (3.3.4).
Another cause of low heat flow is small scale topographic relief 
that exist on the sea floor. The large number of measurements that 
define the heat flow low over the Exmouth Plateau, with no 
corresponding heat flow highs inside the low region, suggest that the 
low heat flow region in this instance is probably not due to small 
scale ripples in the sea floor. If the ripples are random in 
distribution heat flow lows and highs should have been seen within the 
major low heat flow area. None were found.
On the other hand, convection in sedimentary rocks has been 
reported on numerous occasions, and in nearly all cases this has been
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done on the basis of surface heat flow anomalies. Hyndman and Rankin 
(1972) conclude that convection is occurring at the Mid-Atlantic Ridge 
based on the fact that the smoothed heat flow profile is less in 
absolute magnitude than theoretically possible. Although the features 
are different than proposed here for the Exmouth Plateau, i.e. fracture 
porosity in new oceanic crust with a permeable top, the mechanism is 
the -same. Numerical results from Hyndman and Rankin (1972) suggest that 
the horizontal temperature gradient at the ridge is the cause of the 
convection, with cell aspect ratio modification due to the absolute 
heat flow values and boundary conditions. The major implication from 
their work is that heat flow lows are indicative of pore fluid 
convection currents. Davis and Lister (1977) describe a similar 
convective regime for the Juan de Fuca Ridge, again based on the 
anomalously low heat flow values measured in the region. Noel and 
Hounslow (1988) postulate the presence of pore fluid convection in 
sediments on the Madeira Abyssal Plain from anomalous surface heat 
values. Yamazaki (1988) reports the possibility of hydrothermal 
convection over the Sumisu Rift (Bonin Arc), an incipient back-arc 
system, from eleven heat flow stations, values range from 38-700 
mW/m^.
In summary, natural pore fluid convection is a phenomenon that is 
well documented, as is the surface heat flow expression of the 
convection cells and so a conduction-convection analysis is reinforced 
as the logical next step from a conductive heat transfer analysis.
The features that need to be incorporated into a model that 
describes the subsurface conductive and convective heat transfer can be 
derived from independent geological and geophysical data. The gross 
structural and geological section of the Exmouth Plateau is shown in 
Figure (4.1). Heat flow profiles at different levels and representative 
background heat flow levels are shown there and the figure highlights
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the measured surface heat flow anomaly and the supposed subsurface pore 
fluid convection flow paths.
The first feature of the model which needs to be pointed out is 
that it is a crustal model. In relative terms, it is large model, 480 
km long and 40 km deep. The point-wise representation of a variable 
within the region will require some averaging and smoothing, and 
consequently it is realised that only first order, broad regional 
modelling will be possible. As the model represents such a large 
portion of the crust there will be a great (natural) variability in the 
conditions and values of the physical parameters within the region.
Refering to the sediments which have a total thickness of 10 km, 
pressures in this zone are in the range of [0,300] MPa for the solid 
and [0,100 MPa] for the fluid and temperatures in the range of 
[0,400] °C. Well data from the Exmouth Plateau suggests that the top 10 
km is hydrostatically pressured and only at greater depths does 
lithostatic pressure predominate. This suggests porous and permeable 
material to depths of 10 km, corresponding roughly to the depth of the 
basement. It is within the top 10 km zone that convection is possibly 
occurring. Porosity and permeability data discussed in Section (2.1) 
support this proposition.
Not shown explicitly in Figure (4.1) is the fact that the physical 
parameters are functions of position and direction. This is perhaps 
best reflected in the large scale relief of the basement and the fact 
that the geological section is a composite of six fundamental units; 
sediment,basement (itself a composite of old upper and lower crust), 
underplate, oceanic crust and mantle. As temperature and pressure vary 
greatly in the model these effects need to be considered in the 
assignment of the physical properties within each of these units.
Consideration must be given to all the possible means of heat and 
mass transfer in the region. Conduction modelling is able to handle the
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heat flow high in isolation, but is totally inadequate in modelling the 
heat flow low, see Figure (4.1). Consequently the heat flow equation 
needs to be expanded to incorporate other means of heat transfer. The 
generally established next step in heat transfer modelling is to add 
the convective term. There are two types of convection that need to be 
incorporated into the model. Using the definitions of Combarnous and 
Bories (1975), natural or free convection is defined in a closed 
medium, without any mass exchange with the mass outside and with a mean 
fluid velocity of zero. Whereas forced convection (or combined free and 
forced convection) is motion that results from the superposition of a 
buoyancy flow on top of a mean motion. The forced convection is easy to 
model, as it requires only the determination of the response of a 
temperature field to an imposed fluid flow. Natural convection is more 
difficult as it implies an intimate interplay between the temperature 
field and the fluid flow field, that is they are inter-related or 
coupled. Head-driven fluid flow (gravity head flow) is discounted on 
the basis that no major highlands exist to the east of Exmouth Plateau. 
This means that there is no mechanism to establish gravity heads to 
force convection. Due to the lack of any sufficient driving force for 
convection within the Exmouth Plateau region natural convection is 
thought to be the major convective phenomenon.
As heat flow on a crustal scale is primarily governed by the 
conductive resistance of the lithosphere, convection within the porous 
layer may alter the spatial distribution of heat flow but not its mean 
magnitude (Ribando and others, 1976). So with respect to the Exmouth
Plateau, where the areal spatial average has been determined to be 59
2mW/m , there is also the intuitive problem of how natural convection 
could exist in such a low energy (heat flow) system. If it can be 
demonstrated to be the case in the Exmouth Plateau this would be the 
first demonstration that natural convection can occur in such a low
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energy environment.
The notable feature of the heat flow pattern, see Figure (4.1), is 
the separation between the high and the low, of the order of 230 km. On 
the classic criterion of aspect ratio this would imply a cell depth of 
200 km. The sharpness of the contours of the low suggest a rather 
shallow (upper crustal) phenomena. It is reasonable to presume that 
convection is occurring wholly within the sediments. The consequence of 
this is an extremely low cell aspect ratio of 0.04. It was solely 
because of this unusually low aspect ratio that it was decided to fully 
generalize the governing equations for heat and mass transfer to 
account for the measured surface heat flow. This will require the 
consideration of convection of a heterogeneous fluid in a heterogeneous 
anisotropic porous medium.
Elder (1967) noted that large unicellular systems are characterized 
by a system which is heated more on one side than on the other. This 
means a numerical system with mixed boundary and initial conditions is 
also required. To represent the thermal boundary conditions both 
Dirichlet and Neumann boundary conditions need to be applied. The 
bottom boundary is specified in terms of vertical heat flow, there is 
no heat flow allowed over through the sides, and a temperature is 
assigned to the top boundary, this is accepted general practice when 
modelling heat transfer. As the model is much longer than it is thick 
there are no real problems with these boundary conditions.
Also shown in Figure (4.1) is the assumption that the system is 
closed. This is probably the case for the top boundary as it is a 
foraminiferal ooze, and further justified on the grounds that only one 
station showed a curved temperature gradient in the sea floor sediment. 
The bottom boundary at 40 kilometres depth is certainly essentially 
impermeable. To what extent the basement, at a depth of 10 kilometres, 
is impermeable is debatable, however this question is not so critical.
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The western boundary abutting oceanic crust is probably impermeable, or 
at least there exists such a high permeability contrast between the 
sediments and low permeability oceanic crust that it can be considered 
as such. The assumption that the eastern boundary is impermeable is 
most probably correct. However due to the difficulty of assigning a 
flow or pressure field on a leaky boundary there appears to be no 
alternative to this assumtion. This problem is overcome to some extent 
by placing the boundary as far away from the region of interest as 
possible, so reducing the edge effect. The schematic geological cross 
section given by Barber (1988) (see Figure 2.3) shows Precambrian 
basement very high in the section to the east, and this may or may not 
be an impermeable boundary.
Finally, and probably most importantly, is the assumption that 
conditions are in steady state. There is absolutely no basis for this, 
and it is made solely on the grounds that it is probably in steady 
state, given the relative geological and tectonic quiescence of the 
region for the last 50-60 million years. In either case, transient or 
steady state, to demonstrate that the heat flow pattern is due to 
natural convection is the major aim, so at what stage a convection cell 
may be at, is somewhat immaterial. One indication that it is a steady 
state system is the fact that it is such a low energy system.
Convective transients usually occur only in very high energy systems. 
The system is also probably in steady state as the geological section 
in which pore fluid convection is thought to be occuring has been 
implaced for the last 130 million years, so it is reasonable to assume 
that enough time has elapsed for the system to be steady state. Some 
further discussion on this point is given in the concluding Chapters 7 
and 8.
It should be pointed out which features could have been 
incorporated into the model but are not, for reasons that the model had
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to stop somewhere. The matrix need not be rigid. It is in principle 
possible to develop a two dimensional geohistory model, in which pore 
fluid driven compaction effects may be superimposed on the overall 
fluid flow system. However geohistory analysis conducted on a large 
number of wells shows that pore fluid advection by sediment compaction 
is relatively minor at present and reached relatively minor levels 
in the past. The velocity of advected fluid is generally two to three 
orders of magnitude less than convective flow, and so it can be assumed 
to have little overall effect now or in the past. There is sufficient 
fluid inclusion data to expand the model to be a multi-species fluid 
system. Fracture porosity and associated pipe flow models could be 
incorporated as well as geochemical modelling to quantify effects of 
diagenesis on the pore shape and capacity, see Pruess (1983) where heat 
and transfer in fractured rocks and boiling are incorporated in the 
model. It is realized that precipitation and dissolution of solids due 
to large scale convection may be substantial and enhanced. However as 
the focus is on why and how natural convection occurs, questions 
dealing with the consequences of convection were not incorporated in 
the model.
In conclusion, the heat flow interpretation requires a generalised 
non-linear conductive and convective heat and mass transfer modelling 
capability in order to be validated. The model needs to be able to 
simulate the geological environment as fully as possible. In order to 
do this; the behaviour of the physical parameters need to be accounted 
for, the mathematics needs to be developed and finally as analytical 
solutions to the general problem are impossible,a numerical method 
needs to be found which will allow a solution to the mathematical to be 
found. These three aspects are discussed in the following two chapters.
Conceptually the model developed above is very similar to that 
developed by Smith and Chapman (1983), the major difference is that
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they focused on ground water flow driven by a gravity head, and solved 
the temperature field for a constant thermal conductivity, whereas this 
thesis focuses on natural convection caused by thermal conductivity 
variations. The mathematics to describe each individual part of the 
conceptual model has been developed for a long time, however solutions 
to the general case, which is a synthesis of all the parts, has not 
been achieved to date. The published results dealing with convection in 
a porous medium have been used to check the computer code. In detail 
the components that have been incorporated and verified are; the 
effects of nonuniform thermal gradient and adiabatic boundaries 
(Rudraiah and others, 1980), natural convection with a concentrated 
heat source (Gasser and Kazimi, 1976), (Bejan, 1978), (Hickox and 
Watts, 1980), effects of confinement, variable permeability (Ribando 
and Torrance, 1976), for homogenous isotropic domains (Lapwood, 1948), 
(Wooding, 1957, 1958), (Donaldson, 1970), (Strauss, 1974),
(Caltagirone, 1975), (Prats, 1966), (Elder, 1967), (Combarnous and Bia, 
1971), (Horne and Caltagirone, 1980), for anisotropic layered 
permeability McKibbin and Tyvand (1982), lateral temerature variations 
(Bejan and Tien, 1978), (Hickox and Gartling, 1981), inhomogenous media 
(Green and Freehill, 1969), (McKibbin and O'Sullivan, 1980/ 1981), 
mixed boundary conditions (Kimura and Bejan, 1985), (Chan and others, 
1970), (Zinnes, 1970), (Kimura and others, 1985), temperature dependent 
viscosity and thermal expansion coefficient (Horne and O'Sullivan,
1978) .
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5.1 INTRODUCTION
The aim of the modelling aspect of this thesis is to mathematically 
simulate as accurately as possible the surface heat flow pattern of 
Exmouth Plateau in order to be able to make some predictions for the 
subsurface thermal regime, and then to study the possible mechanisms of 
heat transfer in sedimentary basins. In a general sense the overall 
problem can be described as that of heat and mass transfer in a 
heterogeneous anisotropic porous medium with a heterogeneous fluid. The 
problem is nonlinear as many of the coefficients in the governing 
equations, representing the physical parameters, are pressure and 
temperature dependent. In some instances it is possible to make a 
suitable approximation of the pressure-temperature effects on the 
physical parameters amd so linearise the governing equations either 
partially or fully. This chapter discusses the behaviour of the 
physical parameters that are important in the study of heat and mass 
transfer in a sedimentary environment. These paramters are: fluid 
density, rock density, specific heat capacity, fluid dynamic viscosity, 
rock porosity, rock thermal conductivity, internal heat production, 
fluid Prandtl Number and rock permeability.
In the section dealing with the conceptual model it was highlighted 
that due to the relatively great depths at which pore fluid convection 
is thought to occur, up to 10 kilometres depth, a significant 
temperature and pressure difference exists between the top and the 
bottom boundaries. It is well documented that physical parameters 
undergo change due to temperature and pressure effects, up to an order 
of magnitude in some cases, and consequently the changes need to be 
considered carefully. This chapter deals with a literature review of 
the published results dealing with the behaviour of the physical 
parameters. The appropriate corrections for temperature and pressure 
are considered below, together with some discussion on the
5:PHYSICAL PARAMETERS 131
overall effect they have on the conductive/convective system in 
general.
The physical parameters can be conveniently grouped into those 
which help generate conditions for pore fluid convection and those 
which subsequently modify the flow. This is equivalent to saying there 
exist driving forces and modifying forces. The existence of driving 
forces constitutes a necessary condition for pore fluid flow, but the 
shape and configuration of any given cell is dependent on modifying 
conditions. The study of the physical parameters has a direct 
application to both driving forces and modifying forces of pore fluid 
convection.
No attempt has been made to measure the physical parameters from 
the Exmouth Plateau, with the exception of the surface thermal 
conductivity which was required in the surface heat flow determination. 
The modelling relies on the assumption of reasonable values from 
laboratory studies that appear in the published literature. This 
approach is justified on the grounds that there are no deep wells in 
the region from which this data could be derived; the wells that do 
exist are not deep enough and too sparsely distributed. This means that 
it would be difficult, if not impossible to acquire the required data 
from the existing data set for the region. Where data does exist, it is 
usually shallow in the section, and is referred to in general 
discussion on the modelling results.
5.2 DISCUSSION
Pressure-Temperature Field
The pressure - temperature dependence of most of the physical 
parameters is somewhat problematic from a modelling point of view. The 
numerical modelling is undertaken to solve the temperature and fluid 
velocity field, (from the latter quantity it is then possible to solve 
the pressure field). Consequently there is no prior temperature or
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pressure information that can be used to set the physical parameters,
although reasonable first estimates can be obtained from heat flow
data. For instance the average heat flow for the Exmouth Plateau is 59
- 2mW m , and assuming an average thermal conductivity of 
-1 -12 W m °C to a depth of 40 kilometres means that a 
representative geothermal gradient would be 28 °C km ^. If it is 
assumed that the surface temperature is 0 °C then this implies a 
temperature of 280 °C at a depth of 10 kilometres and 1120 °C at a 
depth of 40 kilometres. Over these temperature ranges the physical 
parameters can change dramatically due purely to the temperature 
change. Usually the greatest change is confined to the range 0-280 °C 
and there is only a relatively minor change in the range 280-1120 °C 
(Strauss and Schubert, 1977). This is convenient from the point of view 
that if convection is occurring in the top 10 kilometres only, then the 
change in the state of the fluid needs only to be considered in the 
temperature range 0-280 °C. However as there is a conductive component 
to the heat flow at greater depths the temperature effects for the rock 
properties need to be considered to a depth of 40 kilometres.
The discussion of the pressure effects is also based on the 
assumption that convection is no deeper than 10 kilometres. Below this 
depth, as discussed in the section dealing with the conceptual model, 
the rocks are considered essentially impermeable and with very little 
porosity. The upper permeable layer, 10 kilometres thick, is subjected 
to two pressure regimes; the rock matrix lithostatic pressure, P^ and 
the fluid hydrostatic pressure, P^ . The lithostatic pressure is the 
pressure felt by the matrix and is generated from the overlying matrix. 
The lithostatic pressure P^ (sometimes referred to as the geostatic 
pressure) is given by;
pr ( / % o c k s dz (5-1)
where P is in Pascals (Pa) and z is positive downward. The hydrostatic
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pressure is the pressure in the fluid due to the overlying fluid
(assuming that the fluid is static), is given by;
P ’ =  dz (5.2)h 0J f luidf
If the fluid is in motion there is a second pressure component in the 
pressure of the fluid, the hydrodynamic pressure. The hydrodynamic 
pressure gradient is derived from;
SP^= (dynamic viscosity)(fluid Darcy velocity)/(permeability) (5.3) 
From modelling results in this thesis, P ^  is generally small, and 
its effect on the fluid properties can be ignored. So in any discussion 
concerning the pressure field the solution from the geostatic and 
hydrostatic equations will suffice. In this thesis when the term 
pressure is used without any qualification it refers to the fluid 
pressure.
-3For an average sediment density of 2600 kg m and assuming that 
the coefficient of thermal expansion and compressibility for the 
sediment are negligible then equation (5.1) can be easily integrated to 
determine the lithostatic pressure at various depths. Solving equation 
(5.1) for z=10 and 40 kilometres;
(5.4)
(5.5)
P^(10 km)- 254 M Pa
P (40 km)- 1016 M Pa
Ph(10 km)- 98 M Pa (5.6)
It is assumed that the pore fluid is pure water, for which there is 
ample data in P-T space (Figure 5.1). If the medium is saturated with 
the fluid and the pore spaces are interconnected, so as to prevent 
overpressuring, then a P-T trajectory for pure water for the geological 
conditions can be plotted on the P-T field for water, see Figure (5.1). 
From this figure it can be seen that the conductive-convective system 
in a geological environment is characterized as being dominated by the 
fluid phase and that temperature effect changes in fluid density are 
more important than the pressure induced changes. The major importance
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of temperature changes relative to the pressure changes in the density, 
and as will be illustrated for most of the other physical parameters, 
means that pressure effects can be largely ignored. The magnitude of 
the effect of compressibility can be gauged from Figure (5.2). This 
figure is taken directly from Strauss and Schubert (1977) , and shows 
the variation of water density with depth for various geothermal 
gradients. The non-linearity of the individual curves is due to the 
compressibility; for geothermal gradients in the range of 25-50 °C/km 
over a depth of 10 km the overall effect is small.
It is recognized that in sedimentary basins to assume that the pore 
fluid is pure water may be an over simplification. It is well known 
that the pore fluids contain varying amounts of dissolved organic 
matter, salt, CO^, S, and in reality the fluid is a multi-species 
(component) system and these components alter the phase of water in the 
P-T diagram. Justification for not using multi component systems comes 
from the fact that the geological environment is such that the local 
P-T field is confined to a small region in the entire P-T space, see 
the examples given in Roedder (1984). In effect the system is a low 
temperature low pressure system, and the single and multi-component 
systems are similar in this region. Another effect ignored is density 
changes due to the dissolution and precipitation of solids.
In summary the limits of the equations describing the physical 
parameters are not limited with respect to temperature. However the 
assumption that convection is no deeper than 10 kilometres means that 
the equations describing the fluid properties are limited to this 
depth.
Fluid Density
The relative difference in the fluid density from place to place is 
the major driving mechanism for thermally driven convection. The 
density differences constitute a buoyancy force and as long as there
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Figure 5.1 Density variation of pure water in P-T field.
Density field in 'normal' geothermal gradient 
range of 25-50 °C/km highlighted by hatched 
region, (after Fisher, 1976).
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Figure 5.2 Density variations of pure water, for various
geothermal gradients, versus depth. (Strauss and 
Schubert, 1977)
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are permeabilities which allow fluid to flow from one region to another 
the density differences will force a fluid flow. Density differences 
are created via pressure and/or temperature variations. For a constant 
geothermal gradient and from the definitions of the coefficient of 
thermal expansion, a , and isothermal compressibility, ß \
a=-(l/p)(3Tp)p (5.7)
ß -  <l/p)(3pp)T (5.8)
The basic equation of state for a motionless fluid is;
dp/dz = ß p ( d p ^ / d z )  -ap(dT/dz) (5.9)
The hydrostatic equation for pressure is;
dP0/dz = p& (5.10)
The density and pressure distributions for pure water have been 
calculated by Strauss and Schubert (1977) by simultaneously integrating 
equations (5.9) and (5.10). Their results are illustrated in 
Figures (5.3a) and (5.4a). The non-linear nature of the curves are due 
to pressure effects, but over a depth range of 10 kilometres these 
effects are small, and minor in comparison to the temperature effects. 
From Figures (5.3a) and (5.4a) a function for a can be approximated 
(the pressure effects are implicit), see Figures (5.3b) and (5.4b) 
respectively,
q -2.0x 10"4+5.6x 10'6T °c "1 (5.11)
where T is in Celsius in the range [0,250]. Similarly for ß;
ß-4.0*10'4+2.8*10'6T °C‘1 MPa"1 (5.12)
Due to the relatively small change in ß and its small absolute value 
over the P-T range of interest, the compressibility of the fluid is 
ignored. This is justified as the system is generally confined to 
pressures in the range [0,100] MPa. Consequently the equation of state 
for the fluid is;
p=P0(l-a(T-T0)) (5.13)
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Figure 5.3(a) Variation of a with depth for various geothermal 
gradients. (Strauss and Schubert, 1977)
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Figure 5.3(b) Variation of a with temperature (pressure implicit) 
derived from Figure 5.3(a) shown as solid line. 
Linear approximation shown as thin line.
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5.4(a) Variation of ß with depth for various geothermal 
gradients. (Strauss and Schubert, 1977)
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Figure 5.4(b) Variation of ß with temperature (pressure implict) 
derived from Figure 5.4(a) shown as solid line. 
Linear approximation shown as thin line.
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where p is the density of the fluid at the reference temperature
-3Tq , usually taken as 1000 kg m at 0 °C, and the value of a is 
given by equation (5.11). The absolute value of a tends to increase 
with depth, and consequently the buoyancy forces tend to increase with 
depth for any given temperature difference. The net effect is to give a 
greater tendency for convection to occur, and in the cases where there 
are horizontal temperature gradients with depth, there is even a 
greater tendency for the occurrence of fluid movement. The effect of 
convection suppression, due to the fluid compressibility, is minor and 
can be ignored.
Rock Density
There is also a need to consider the coefficient of thermal 
expansion of the rocks. Fortunately its value is so small, that it 
only needs to be considered on a lithospheric scale. For example the 
change in density given by 8 p = - p ^ a S T  for the mantle is given by;
amantle=(2-65"0-0016T)*10"5ocl (5.14)
It is assumed for the purposes of this study that the rock density is
unaffected by temperature and is incompressible. Density values are 
taken from published values, see Table (7.1).
Specific (Heat) Capacity
The heat capacity (C),is the quantity of heat required to produce a 
given temperature change. This change can be specified in terms of 
constant pressure or constant volume, Cp and respectively. The 
specific heat capacity cp [J kg  ^ °C] is the heat capacity divided 
by mass.
cp=Cp/p (5.15)
The specific heat capacity of water varies with temperature and 
pressure as shown in Figure (5.5a). The major change in cp is due to 
temperature and from the relationship of Strauss and Schubert (1977) a
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temperature function, see Figure (5.5b), for cp can be derived as;
cp=4184.0+3.264T J kg"1 °c'1 (5.16)
The specific heat capacity tends to increase with depth and so tends to 
destabilize a fluid layer. Figure (5.5a) shows that the value of c^ 
may change by a factor of 2, depending on the (P,T) field (Strauss and 
Schubert, 1977). Here after c^ is sometimes denoted as just c.
Sedimentary rocks generally have a much lower specific heat of 
about 800-1000 J/kg°C, see Table (5.1) below. As sedimentary rock is a 
composite of rock and fluid, the bulk specific heat capacity can be 
approximated by the geometric mean model, that is the absolute specific 
heat capacity depends on the relative abundance of the sediment and the 
fluid (f);
cp=(pfcp f ^ scP s(W))/(Pf^+Ps( W ) )  (5.17)
(Combarnous and Bories, 1975). The variation of rock specific heat 
capacity with temperature is negligible, so only the fluid variation in 
the above formulation needs to be considered. The very high relative 
value of the fluid heat capacity means that in a steady state 
conductive-convective regime the fluid flow is able to transport a 
disproportionally large amount of the heat. This manifests itself in 
the phenomena that very small flow rates (in terms of mass flow) can 
produce large surface and subsurface heat flow anomalies, the anomalies 
being relative to the overall background heat flow budget.
Dynamic Viscosity
Viscosity is a measure of the reluctance of a fluid to yield to 
shear. The shear is defined to be equal to the dynamic viscosity times 
the velocity gradient, expressed as
r =/id v (5.18)xz z
If a fluid obeys this linear law, that is the dynamic viscosity n is 
constant with respect to the shear stress/rate of deformation, then it 
is described as a Newtownian fluid. The variation of viscosity with
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SPECIFIC HEAT (kJ/kgC)
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50 C/km
25 C/km
Figure 5.5(a) Variation of c with depth for various geothermal 
gradients. (Strauss and Schubert, 1977)
TEMPERATURE °C
0 50 100 150 200 250 300 350 400 450 500
Figure 5.5(b) Variation of c with temperature (pressure implicit) 
derived from Figure 5.5(a) shown as solid line. 
Linear approximation shown as thin line.
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Material
j / £ g °c
P
kg/m**3 J/*K m**3
Air 1004.0 1.29 1295.0
Water 4184.0 1000.0 4184000.0
Salt 1338.8 2160.0 2891980.0
Calcite 920.5 2710.0 2494500.8
Feldspar 795.0 2680.0 2130492.8
Olivine 711.3 3270.0 2325885.6
Silica 669.4 2650.0 1774016.0
Clay minerals 753.1 2500.0 1882800.0
Steel 4800.0 7900.0 3800000.0
Mild Steel 493.0 7850.0 3870050.0
Stainless Steel 5100.0 7800.0 4000000.0
Wet Sediment (50%) 2470.0 1430.0 3500000.0
Sandstone 1088.0 2650.0 2883200.0
Shale 837.0 2700.0 2259900.0
Limestone 1004.0 2710.0 2720840.0
Salt 854.0 2160.0 1844640.0
Table 5.1 Specific Heat at 20 °C of some common materials, 
(after Lister (1970) and Hutchison (1985))
depth for various thermal gradients is shown in Figure (5.6a). Again,
the non-linearity of each of the lines is due to the pressure effect.
From the mathematical relationship given by Strauss and Schubert (1977)
the viscosity can vary by a factor of 12 in the pressure and
temperature field found in the upper 10 kilometres of the crust.
Ai=241.4*102 4 7 ' 8 / ( T ~140)* (1 .0 + 1 .0 4 6 7 * 1 0 " 6 (P-P ) ( T - 3 0 5 ) )  ( 5 . 1 9 )sat
where fj, is in micropoise (10 poise=l kg m  ^ s Pa s) , T is in
degrees Kelvin, P, P are pressure and the saturation pressure in
bars. Values for P can be found in Keenan and others (1978).sat
Viscosity decreases with pressure at constant T, however it is minimal 
and the effect can be ignored. The viscosity decrease with the rise in 
temperature is the dominant effect and equation (5.19) is simplified 
to;
= 241.4*10247 * 8A T" 14°) (5.20)
This formula is graphically illustrated in Figure (5.5b). The net 
effect of decreasing viscosity with temperature, an implicitly with 
depth, is to increase the likelihood of convection, as there is a
reduced resistance to flow.
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LOG (VISCOSITY) (POISE)
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50 C/km
25 C/km
5.6(a) Variation of /i with depth for various geothermal 
gradients. (Strauss and Schubert, 1977)
Figure 5.6(b) Variation of n with temperature from equation (5.20)
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Porosity
The porosity, $ ,  is defined as the ratio of the pore space voids to 
the total volume. Falvey and Middleton (1982) have shown that in 
general the porosity/depth function can be described by
l/<£=l/<£0+kz (5.21)
where z is depth and k is a constant describing the rate of change and 
(f>Q is the surface porosity. Table (5.2) lists typical values for 4 
and k.
Lithology *0 k (/m)
Sandstone/Shale 0.53 2.18*10' 3
Sandstone 0.54 0.60*10 OShale 0.65 2.30*10' 3
Table 5.2 Typical surface porosity and compaction parameters.
The use of Darcy's equations in modelling flow in a porous medium 
requires that certain restrictions be placed on the type of porosity 
that is assumed. Firstly it requires that the scale of the flow is 
large in comparison with the interconnecting passages. Secondly that 
any individual passage is small in comparison to the size of the 
individual grains and that the porosity be related in some way to 
permeability in a way that laminar flow is generated and finally that 
the pore spaces be not so large that pipe flow occurs.
Thermal Conductivity
The thermal conduction is the diffusive term in the energy 
equation, and has units of W m  ^ °C ^. The process of conduction is 
the transportation of energy on a molecular scale from a hot region to 
a colder region. Table (5.3) is a summary of the range of thermal 
conductivities for various rock types.
As the sediments generally have a significant proportion of water 
in the pore spaces it is necessary to assign a bulk thermal 
conductivity. It can be described by a geometric mean approximation
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(Gretener, 1981)
K-k / k _(1“^ ) (5.22)A B
where <f> is the proportion of aggregate A, and the above expression is 
satisfactory if K^«20Kg. This above expression is an average 
approximation or homogenization of the thermal conductivity. If the
Rock type Thermal
W/m°C
Mean
Conductivity
Range
Granite 3.1 1.2-4.5
Granodiorite 2.7 1.3-3.5
Basalt 2.0 1.4-5.4
Quartzite 4.6 3.1-8.0
Ocean Sediment 1.0 0.7-1.8
Clay 1.5 0 1 ro oo
Claystone 2.5 1.7-3.3
Sandstone 2.5 0.8-6.6
Siltstone 2.0 0.7-4.0
Marl and Marlstone 2.2 0.7-4.0
Limestone 2.3 0.7-4.3
Dolomite 3.6 1.6-6.6
Coal <0.5
Oil 0.1
Water 0.6
Table 5.3 Thermal conductivity values at 20 °C
(from Gretener, 1981, and Zoth and Haenel, 1988).
heterogeneity is to be considered then expressions need to be used. 
There are two established formulations that may prove satisfactory. The 
first of these is for small scale approximations, for unit thickness 
and a bed made up of thickness 'a' and the other (1-a) then,
(l/K)«(a/KA)+((l-a)/KB) (5.23)
The second method incorporates thermal anisotropy of the layered 
medium, and so two expressions are needed to describe the thermal 
conductivity. In the vertical direction (series) the effective 
conductivity is given by (Combarnous and Bories, 1975);
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^effective" (5.24)
In the horizontal direction (parallel) the alternative formula is
“effective" *Kf+(1- « Ks (5'25)
The extent of the anisotropy depends on the ratio K^/K^. If the
ratio is large then anisotropy is large. The overall effect of using
equations (5.24) and (5.25) is that the horizontal thermal conductivity
will always be greater than the vertical thermal conductivity.
Consequently in the idealized case, the vertical temperature gradient
will be a little higher than the horizontal gradient. A compromise
empirical model to remove the anisotropy is the geometric mean defined
above, for any given porosity and thermal conductivity its value falls
between the two extremes of the anisotropic values.
The temperature effect on the thermal conductivity of most crustal 
rocks can be found in Zoth and Haenal (1988). The thermal conductivity 
of water and sediments is a function of temperature and is often 
expressed in the form (Falvey, 1982)
(l/K)=(l/K0)+aT (5.26)
where and the variable a are listed in Table (5.4). The overall
Rock Ko
W/m°C
a
W_1m
Quartz 9.1 4.5*10‘t- LLQuartzite 5.4 4.3*10 7
Slate 1.9 4.5*10
Water 0.6 -31.8*10"4
Table 5.4. Temperature dependent factors for thermal 
conductivity of some materials.
trend is for a decrease in thermal conductivity in the matrix material 
and a slight increase in the thermal conductivity of the fluid, the 
composite material thermal conductivity generally decreasing with 
depth. This is due to the fact that the matrix is the dominant 
component with the higher thermal conductivity, and because porosity
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generally decreases with depth. This means that the subsurface material 
is able to support a much higher geothermal gradient than the 
equivalent material near the surface.
The discussion above details methods for modelling thermal 
conductivity on a local scale. However application requires thermal 
conductivity-porosity data. Where no thermal conductivity data exists, 
it is possible to model the thermal conductivity profile as (Falvey and 
Middleton, 1982)
K=KD-(KD-V e-^ (5.27)
where is the upper minimum conductivity, is the deeper 
maximum conductivity and ß is a constant that needs to be derived for 
the section.
Rock Type
W/m°C
K
W/m°C
ß
/m
Shale 1.0 r-HCM 600.0
Chalk 0.9 2.5 800.0
Sandstone 1.9 u> CO 300.0
Table 5.5 Constants for modelled thermal conductivity profiles.
Representative values for the constants in expression (5.27) are given 
in Table (5.5). Implicit in this function are effects for porosity and 
thermal effects.
Heat Generation
Rocks containing the elements of potassium _K, uranium
238 U , or thorium 'Th will produce heat due to
the radioactive decay of these elements. The heat output of uranium is 
1.3*10  ^W/kg, and for potassium 0.5*10 ^Hj/kg. To calculate the 
heat production requires the concentration of the relative elements to 
be known. Representative values for crustal scales are listed in Table 
(5.6). A conductive thermal model for the lithosphere can be developed 
whereby the contribution to the surface heat flow from the internal 
heat generation at various levels may be determined. In terms of
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HEAT GENERATION Wm
Upper continental crust 12.6*10
Lower continental crust 2.5*10
Oceanic crust 5.0*10
Undepleted mantle 1.3*10
Depleted mantle 0.1*10
Average sediment 8.4*10
-7
-7
-7
-7
-7
-7
Table 5.6. Internal heat production rates.
regional contribution of heat generation to the surface heat flow for 
continental crust the following Table 5.7) is a reasonable model.
Layer Thickness 
(km)
Productivity
W/km
Depth
km
Heat flow 
Win
Surface 0 0.0 0 56.0*10
Upper crust 10 1.3*10 ^ 10 43.0*10
Lower crust 24 0.2*10° 34 38.0*10
Mantle 66 1.3*10° 100 37.3*10
Table 5.7. Variation of heat flow with depth due to the internal heat 
production.
There also needs to be some assumption made with respect to the 
distribution of the heat producing elements within the rocks. There are 
many models which demonstrate an exponential decrease of internal heat 
flow with depth, but in this study, unless otherwise pointed out, the 
internal heat production in any one geological unit is assumed to be 
constant and the distribution homogeneous. Pressure-temperature effects 
for the heat generation are assumed to be negligible.
Prandtl Number
The kinematic viscosity u=p/p (dynamic viscosity/density) is a 
diffusivity similar to the thermal diffusivity k of the fluid. Just as 
the value of k describes how heat diffuses by conduction (molecular 
collision), v describes how momentum diffuses. The Prandtl number,
Pr=v/k is the ratio which describes the relative diffusivities. A fluid 
with a small Prandtl number diffuses heat more rapidly than it does 
momentum: the opposite for a large Pr. Pr=8.1 for pure water. Now as p
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and p vary then so do v and k and hence the Prandtl number is also a 
function of temperature and pressure. The variation of Pr is shown in 
Figure (5.7). The Prandtl Number varies between 10 and 0.9. For large 
Pr the velocity field develops much quicker than the temperature field, 
however as the velocity field is in a steady state the large Pr of 10 
is of little consequence. The generally low Pr does support the 
assumption that the fluid and matrix are in thermal equilibrium. 
Permeability
A measure of the resistance to flow of the fluid through a porous
medium is the (intrinsic) permeability of the medium. The more
permeable the medium is, that is the larger the value k, the smaller
the driving force needed to produce a given flow. The units of
2permeability are m , and a traditional unit is the Darcy;
1 Darcy = 9.8697*10"13 m2 (5.28)
Now as permeability in the geological is generally much smaller than 
this a smaller unit, the millidarcy is frequently used in the 
literature. Where;
1 millidarcy-10 m2 (5.29)
There are many permeability-porosity models for sedimentary rocks. 
Using the model of Turcotte and Schubert (1982, pg 383),
k=(b2 <£2)/727r=(7r64)/128b2 (5.30)
4>= (37r62)/4b2 (5.31)
Taking 6=0.01 mm, the pore diameter and b=l.0 mm, the pore length, then 
the average real velocity is about three orders of magnitude greater 
than the Darcy velocity. These models have no direct bearing on any 
modelling except to check that the fluid flow laminar. Average 
permeability values are listed in Table (5.8). This model also implies 
that the tortuosity, the square of the ratio of the straight line 
length and actual channel length of a passage, is equal to 1. The value 
of the tortuosity is a real concern, decreasing the tortuosity
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5.7 Variation of Prandtl number (Pr) in P-T field, (Schmidt 
1989). Pressure in MPa (using 10 bar=lMpa)
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increases the path length the fluid must flow flow and hence increases 
in the Darcy fluid velocity required to maintain the equivalent mass 
flow rate. The tortuosity appears as a scalar factor in the governing 
equations and operates on the permeability as
ke££=k*tortuosity (5.32)
The tortuosity in the context of this study is assumed to always be 
equal to unity, however it must be remembered that in any discussion on 
the value of the permeability which would support a given flow, that 
there is a factor equal to the tortuosity which is unaccounted for.
Assigning permeability to various sediments is problematic, 
especially when little or no data exist. The major problem arises from 
the fact that permeability cannot be averaged. A thin impermeable bed 
is impermeable, and must be taken as such. This statement may sound 
tautological, but it emphasizes a major frustration in modelling 
permeability. The presence of an impermeable bed, no matter how thin,
Permeability 
k m**2
Classification Material
„ n -7
10 - 8 GRAVEL
10-9
-0
PERVIOUS
10-1110-1210Za -13
SAND
10-14 SEMIPERVIOUS\>
10ll7
SANDSTONE
>-19 IMPERVIOUS
LIMESTONE
10 -2010
GRANITE
Table 5.8 Typical values for natural permeabilities of 
geological materials.
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will have a major impact on the flow paths in the surrounding more 
permeable units. An impermeable unit divides flow and hence the overall 
fluid dynamics.
There is an added problem of permeability contrast, in the 
geological environment it is possible to have rapid changes in 
permeability over short distances. For example, from Table (5.8) for a 
limestone over a sandstone the contrast may be as high as 5 orders of 
magnitude! There appears to be way around this problem, and like 
previous workers, I use the heat flow regime to imply a permeability 
field. It should also be pointed out that fortunately in the -geological 
environments there are few truly impermeable rocks, but rather there 
exist rocks with extremely low permeabilities.
In a general sense permeability is related to porosity, so a 
permeability depth function, reflecting a general decrease of 
permeability with depth, is used in modelling. It has the form;
k-kD-(kD-ku)e'^z (5.33)
Permeability is also strongly anisotropic. On a microscopic scale the 
vertical to horizontal ratio may be as high as 1:4, on a bed scale it 
may be as high as 1:100 (de Marsily, 1986) and on a regional scale 
1:1000 (McKibbin and Tyvand, 1982). The determination of the anisotropy 
factor is just as problematic as determining the fundamental 
permeability.
5.3 SUMMARY
Heat and mass transfer is dependent on the physical nature of the 
system in which it is contained. In a geological context there will 
generally be an increase in temperature with depth, in response to an 
imposed geothermal gradient, and there will be an increase of pressure 
with depth, imposed by the mass of the rock and fluid within a gravity 
field. For thermally driven pore fluid movement to occur it is a 
necessary condition that the system must generate spatial density
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differences in the fluid. The temperature field tends to generate these 
density differences, whereas the pressure field tends to suppress them. 
The temperature field is controlled by the physical parameters of the 
rock and fluid that make up the system. The overall behavior of the 
system is that the increase of temperature with depth enhances the 
system to generate temperatures that will create density differences in 
the fluid.
The final comment that needs to be made is that the lack of control 
on permeability field is the major weakness in the study of pore fluid 
flow. Due to the wide range of possible permeabilities in the 
geological environment, eight orders of magnitude, and the lack of 
control on the nature and distribution of permeability, as seen for 
example by the change in permeability anisotropy with the scale and the 
dominance of low permeable rocks on the dynamics of the system as a 
whole, accuracy is difficult to ascertain. The above discussion on the 
physical parameters addresses the problem of precision but this can be 
completely negated by lack of accuracy in the permeability field.
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6.1 INTRODUCTION
The numerical analysis within this thesis constitutes a major 
proportion of the research. The results from the numerical modelling 
have dramatic implications for the role of thermal driven pore fluid 
convection in sedimentary basins. For this reason an outline of the 
mathematical and numerical development is given below. The broad 
mathematical and numerical methods used in the numerical modelling have 
been developed by previous researchers: see Clauser and Behrens (1987) 
for a comprehensive bibliography. However, on all occasions fundamental 
assumptions and simplifications have been used, and a problem of the 
complexity of the Exmouth Plateau has not been studied or modelled 
previously.
The formulations below are structured in such a manner that the 
limitations of the mathematical and numerical methods are quite clear. 
The aim is to develop a method whereby the most general case can be 
simulated; i.e. a steady state two dimensional heat and mass transfer 
model that is applicable to movement of a heterogeneous fluid within a 
heterogeneous and anisotropic porous medium with mixed boundary 
conditions. With the use of a supercomputer there is no great 
difficulty in obtaining numerical solutions, so while the mathematics 
may not be fully original in their development, nor the numerical 
method, the application of the numerical method to this particular 
problem and the solutions derived represent a breakthrough in modelling 
heat and mass transfer in a porous medium.
For steady state convection, the main results in the published 
literature have concentrated on homogenous domains and in respect to 
problems such as the onset of convection, organization of the 
convective movements and mean heat transfer rates within these 
homogenous domains: see Clauser and Behrens (1987) for the most recent 
bibliography, or the end of Chapter 4 for a list of those directly
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relevant to this study. These studies are useful in giving some 
indication as to the convective phenomena in the geological 
environment, but are not directly applicable to it as it is neither 
homogenous nor isotropic.
There are two basic considerations in developing the mathematics, 
firstly the need to describe the heat flow and secondly to describe the 
fluid flow. The former is achieved with the use of the heat equation 
and the latter from the principles of conservation of mass and momentum 
and the equation of state of the fluid. All these equations must be as 
general as possible and solved simultaneously.
6.2 Heat Equation
The heat flow equation is concerned with the conservation of 
energy, and when solved gives the temperature field. For the reference 
field shown in Figure (6.1), heat is transported in two directions
Fz(z)
velocity
Fx(x)
Figure 6.1 Definition of reference field for the elementary volume.
though an elementary volume. Let F be the flux
F=(F ,F ) (6.1)x z
The flux in the x direction is F and the flux in the z direction isx
F . The rate at which heat flows into the element from the x z
direction is
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Q x = Fx (x )5 z (6•2)
and from the z direction (positive upwards)
Qz=Fz(z)6x (6.3)
The corresponding heat flow out of the element is
W =Fx(x+5x){2 (6-4)
(W - Fz(z+5z>5x (6-5)
The net flow rate out of the element SQ is
SQ=(Fx(x+6x)-Fx(x))Sz+(Fz(z+6z)-Fz(z))6x (6.6)
Now using Taylor series expansion;
Fx(x+6x)=Fx(x)+ax(Fx(x))Sx (6.7)
Fz(z+6z)=Fz(z)+3z(Fz(z))6z (6.8)
•’* <$Q=(Fx(x)+3x(Fx(x))<5x-Fx(x))6z
+(Fz(z)+az(Fz(z))5z-Fz(z))6x
=ax(Fx(x))6x5z + az(Fz(z))5x5z (6.9)
If internal heat production is allowed in the element at a rate of S, 
then the total heat generation is S6x6z. Conservation of energy states 
that the combined energy transported out of the element must be 
balanced with the energy flowing in, the internal heat generation and 
the change in energy content of the element. The change in energy
-kcontent is given by -(pc ) T6x5z + S6xSz. The parameter (pc^) 
is the heat capacity at constant pressure of the composite 
matrix-fluid. A net flow of heat out of the element (in the case of no 
internal heat generation) will reduce the temperature. Thus the element
•krequires an energy flow per unit time of (pc ) d T to maintain aP *-•
temperature change at a rate 3 T. So the conservation of energy for a 
solid (that need not be either isotropic or homogeneous) can be 
written,
-8 ((pc ) ~T) 6x6z+S6x<$z=3 (F (x))Sx6z+3 (F (z))SxSz (6.10)ü p X X z z
Fourier's law of conduction gives
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F (x)=-K d TX  X X
F (z)=-K 8 T z z z
(6.11)
(6.12)
The negative sign indicates that the flux is from a high temperature to 
a low temperature in the case of conduction of heat. If the material is 
anisotropic, equation (6.10) still holds, but the flux vector is no 
longer normal to the isotherms. The simplest assumption generalizing 
equations (6.11) and (6.12) is that the flux vector is a linear 
function of the components of the temperature gradient at that point 
(Carslaw and Jaeger, 1959).
(6.13)
(6.14)
For orthotropic material, such as sedimentary rocks, the two different
Fx (x>=-K1,13xT-K1,23zT
Fz(z> - K2,iaxT-K2,23zT
conductivities K =K and K =K0 are in two mutually 
perpendicular directions, and 2= K 2 1=°' In this two dimensional 
study the principal directions are assumed parallel to the axis system.
If there is fluid movement (but the element remains rigid) then 
convective heat transport must be added. So assuming thermal 
equilibrium between the elementary volume and the passing fluid;
(6.15)
(6.16)
Fx(x) = -W  + PfcfW
F (z) = -K d T + Pr.c-V<^ >T z z z f f
••• T ) "  V W »  + W z T)
■3x(pfcfWT) - 3z(pfcfV0T) + S (6.17)
This is 3 ^  (pc ) T)-div(K.gradT)-div((pc)fU0T)+S
If K,U and S are functions of position only U=(U,V) is the fluid 
velocity vector. The solution of the linear form of equation (6.17) 
presents no great difficulty. If the thermal properties depend on 
temperature the equation is non-linear and requires special treatment. 
The first and second terms on the right hand side of equation (6.17) 
are the conductive (diffusive) and convection terms respectively and 
the third is the contribution due to internal heat production. Equation
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(6.17) is the governing equation for the heat transfer. It can be 
simplified by the application of following assumptions.
1. The filtration velocity gradients are assumed to be small, which 
means that the terms 3 (pcc_U<i)T and 3 (pjr.c_V^)T can bex  xr £  £  -r ✓ z f f
ignored.
2. The porous medium is assumed to be made up of small grains so that 
there is equilibrium in the matrix and fluid temperatures. This 
justifies the use of the composite specific heat capacity
(pc)*=(psCs)(l-<£)+pfcf0. (6.18)
This is a valid approximation because of the additive property of 
enthalpy (Combarnous and Bories, 1975).
3. The sediment is assumed to be rigid.
*(pc ) 3 Tp t 3 (K (x)3 T) + 3 (K (z)3 T)X X X z z z
- p.c- U<£3 T - Px-c _V<^ 3 T + S (6.19) f f  x f f  z
In the mathematical treatment of heat transfer it is necessary to apply 
formulae for either the initial or boundary conditions. There are an 
infinite number of solutions to the heat transfer equation, the object 
is to find one that satisfies certain additional constraints that are 
placed on the boundaries (boundary conditions). In general a boundary 
condition specifies the geometric shape of the boundary and how the 
dependent variable or the derivative of the dependent variable varies 
on the boundary.
Boundary conditions usually fall into the following two categories.
1. Prescribed temperature (Dirichlet). The assigned temperature may 
be a function of time and/or position. This is the easiest boundary 
condition to work with, however it is often the case that difficulties 
arise in determining appropriate values to assign. This is because the 
system itself may have a preferred, and as yet unknown, temperature 
field and the assigned value may be different, so perturbing the system 
itself. Such effects are called boundary effects and need to be avoided
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if possible. A means of doing this is by the boundary condition below.
2. Prescribed flux across the boundary (Neumann).
In the geological situation the assignment of the thermal boundaries is 
relatively straightforward. As most of the earth's heat flux is in the 
vertical direction, the vertical sides of a model can be specified as 
boundaries of no horizontal heat flow. As it is easier to quantify heat 
flow rather than temperature at great depths the bottom boundary should 
also be a flux boundary. Finally as the top boundary is usually at the 
surface the temperature can be specified.
There are two other types of boundary conditions than can also be 
used. If the temperature and flux are specified on a boundary it is 
called a Robbins boundary condition, if they temperature and flux are 
split into two seperate equations it is called a Cauchy boundary 
condition.
With respect to the initial condition, the region under 
consideration is assigned arbitrary temperature values at the origin of 
the time co-ordinate, t=0.
6.3 CONVECTION 
6.3.1 INTRODUCTION
There are three major mechanisms in the geological environment that 
can cause major movements of water in a sedimentary basin: hydraulic 
head (forced convection), sediment compaction (advection) and natural 
convection. This thesis deals mainly with the phenomenon of natural 
convection.
Natural convection is confined to a closed saturated medium where 
there is no mass exchange with the outside and the mean fluid velocity 
for the whole region is zero. With natural convection there is no 
external driving force that can give rise to fluid flow and the cause 
of convection is from the thermal regime inside the region or the 
temperature on the boundaries. The most common influence on the density
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of a fluid is the temperature and this effect generates buoyancy 
forces. Convection produces subsurface hot and cold zones which may 
have a surface heat flow expression. This fact is relied upon, as it 
may tie the surface heat flow of the Exmouth Plateau to subsurface pore 
fluid convection cells.
6.3.2 CONSERVATION OF MASS AND EQUATION OF STATE
Conservation of mass requires that the mass flowing into a volume 
element minus the mass flowing out in a given time is equal to the mass 
accumulation. Now for a model which assumes that the entire volume is 
saturated so that there is no mass accumulation due to the element 
'filling up', or compaction driven water expulsion and mass reduction, 
referring to Figure (6.1), conservation of mass requires,
-Vp^U ~dt(<f>p) (6.20)
The filtration velocity, often called the Darcy velocity, u=(u,v) is 
given by
u=^U (6.21)
The Darcy velocity is the average volumetric flow rate per unit area 
through the element. Equation (6.20) is applicable just for the 
elementary volume while more complex expressions like (5.30) and (5.31) 
are needed in the derivation of the actual mean fluid velocity in the 
medium. Using the definition of u in equation (6.19),
-Vpu=dt(</>p)
where pu is the mass flux vector. For steady flow: 
V(pu) = 0 
a^(pu) +dz(pv)=o
pd u+u3 p+p3 v+v3 p=0 x x z z
From equations (5.9) and (5.10) for a static fluid:
3 p = ßpd P - apd T z z z
3 p = ßpd P - apd T x x x
(6.22)
(6.23)
(6.24)
(6.25)
(6.26)
(6.27)
dzF~fi0s (6.28)
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3 P=0 (6.29)x
a2^=^op02s_Q!pazT (6.30)
d p=-apd T (6.31)x x
?
pd u+pd v+u( - a p d T)+v(/?p g-apd T)=0 (6.32)
If the fluid is assumed to be incompressible (the Boussinesq
assumption) then the last two terms are the non-Boussinesq terms. If u,
v, a ,  ß , ö^T, and 3^T are small then the last two terms can be
ignored, this is the Boussinesq assumption and so:
pA\ u  = 0 (6.33)
The Boussinesq approximation is essentially an assumption that the
fluid is quasi-incompressible. Density variations caused by thermal
expansion lead to buoyancy forces that drive thermal convection. So it
is essential that density variations be accounted for in the
gravitational body force term of the conservation of momentum. In all
other respects the density variations are sufficiently small and can be
ignored. This justifies the equation of state for density being written
in the form given in equation (5.13),
p=P0(l-u(T-T0)) (6.34)
In practical applications, the Boussinesq approximation means that
density changes are accounted for only in the buoyancy term in the
equation of motion, and in all other places density is assumed to be
constant. The assumption can be invoked only if there are small
absolute density changes, because all the other simultaneous equations
use P=Pq and so errors are introduced if the change is too large. As
-4 -3a is small, of the order of 10 to 10 then the Boussinseq 
approximation is reasonable.
Alternatively, using the mass flow rate as a variable it is 
possible to avoid the need to invoke the Boussinesq approximation 
(McKibbin and O'Sullivan, 1980). For a homogenous fluid, neglecting 
molecular diffusion as well as dispersion caused by fluctuations in
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velocity, the conservation of mass (equation 6.20) is written as:
dt(p<f>) + div(pu) = 0 (6.35)
If the medium is non-deformable then by expanding the equation above: 
«^ S^ p + pdivu + u«gradp=0 (6.36)
Now assume u«gradp «  <f>d , that is the spatial variations in p are 
much smaller than the temporal ones (Bear, 1972, p. 197), (an 
equivalent to the Boussinesq approximation). Then the equation for 
transient flow is;
pdivu + <f)d ^p = 0 (6.37)
For an incompressible fluid (p=constant) steady state flow:
diyu = 0  (6.38)
The above equations cover the general case for steady and unsteady 
flow. In the latter case the variations in time are introduced by time 
dependent boundary conditions (Bear, 1972 ,p. 200).
6.3.3 CONSERVATION OF MOMENTUM
The starting point for the equation of conservation of linear 
momentum of a fluid system is given by Bear(1972, p. 104):
3t(pu)+div(pu*u)+div(P6.) -div(^) = £(body forces) (6.39)
If the only body force is gravity then the right hand side becomes pg. 
The term u*u is the dyadic product of u, and div(^ t) represents the 
density of the force due to the fluid's viscocity, which resists 
motion. The term 8_ is the matrix form of the Kronecker delta and has 
components 6 =1, i=j otherwise $_=0. Equation (6.39) states that
momentum is transported by bulk motion (pu*u) and by diffusive flux 
div(P5.)-div(^) . The equation states that the product of the mass and 
acceleration is equal to the sum of pressure forces, viscous forces and 
external body forces. In view of mass conservation (equation 6.38) 
equation (6.39) can also be written as;
p3t(u) + (pu«grad)u +div(P5.) -div(ju) = Z(body forces) (6.40)
This equation can be simplified by the following assumptions (from Bear
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(1972):
1. Assuming a perfect fluid where the force resisting the motion of the 
fluid is proportional to the velocity and acting in the opposite 
direction to that velocity.
2. Assume that convective acceleration can be neglected.
3. No correlation exists between the liquid's properties at a given 
point and the properties of the medium at that point.
4. No correlation exists between the instantaneous values of the 
liquids properties at a given point and the temporal rate of change of 
velocity at that point.
5. The extra term for the non uniform velocity field, (pu«grad)u, can 
be neglected because of the existence of a dispersed solid matrix in 
making up the porous medium. With the existence of small pore diameters 
both filtration velocities and filtration velocity gradients are small, 
(assuming negligible acceleration and inertial forces). This means the 
rate of change in momentum is much smaller than the viscous forces.
6. Assume that the mass flux due to molecular diffusion resulting from 
the density gradient is much smaller than the convective mass flux.
Then the general equation of motion for an inhomogenous fluid in 
laminar flow through anisotropic porous medium is (Bear, 1972):
u+ (B/i/ ) 3 tu— k /fj. (5P+pg) (6.41)
where v is the average kinematic viscosity (=p/p), B is called the 
conductance of a permeable path (channel) and is a function of the 
permeability (k) , porosity (<f>) and tortuosity (T) .
B=k/</>T (6.42)
Assuming straight channels then it is possible to take the limit, T=1. 
The second term on the left-hand side in equation (6.41) expresses the 
local acceleration. Assuming that local acceleration tends rapidly to 
zero after the onset of convection, this term can be ignored in the 
steady state case. Note that the formulation also assumes that the
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inertial forces (both convective and local) are much smaller than 
viscous forces (frictional), that is the flow has low Reynolds number 
(Re < 1). Then equation (6.41) becomes:
(p/^)3tu=-gradP+pg-(/x/k)u (6.43)
This equation is exactly that stated by Wooding (1957) and frequently 
used as the starting point for pore fluid convection analysis. The 
equation is valid in the description of the motion for a homogenous or 
heterogeneous fluid in laminar flow through an anisotropic porous 
medium. In the case of steady state convection this equation reduces 
to,
u=-k/p(gradP-pg) (6.44)
Reversing the sign of the body force as z in this study is positive up, 
see Figure (6.1), the velocity components are given by;
u=-(kx//z)3xP (6.45)
v=-(kz/M)(SzP+pg) (6.46)
Checking the conditions for an equilibrium state of the fluid in the
porous medium, U=(U,V)=0 then:
-gradP+pg=0 (6.47)
By taking the curl of each term:
gradpxg =0 (6.48)
Likewise for the density function P=Pq (1-c*(T-Tq )) :
gradp=aTp gradT (6.49)
gradTxg =0 (6.50)
So in the entire volume the temperature gradient and the body force are 
co-linear: a necessary condition for equilibrium. So in sloped layers 
or in regions of sloping isotherms there will always be convection.
This is a very important conclusion and it can be used to predict 
the location of convection cells from isothermal contour plots, but 
more importantly it defines the necessary condition for convection.
This conclusion also highlights the need to couple heat transfer and
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fluid flow equations (that is allow for natural convection), and 
suggests that simple conductive analysis of sedimentary regions is 
inadequate in the study of heat transfer within those regions. Every 
heat flow survey conducted to date shows a lateral variation in the 
surface heat flow levels. Consequently the subsurface isotherms are 
sloping, that is there is a horizontal temperature gradient, and so if 
there are permeability paths between the high heat flow and low heat 
flow regions pore fluid convection will result. A natural laboratory 
where the required permeability paths can be found is in a sedimentary 
basin.
6.3.4 STREAM FUNCTION
The formulation of the fluid Darcy velocity in terms of the stream 
function is desirable as it reduces the number of sets of simultaneous 
equations that need to be solved. Inspection of equations (6.51) and 
(6.52) reveals that there is no potential $ such that u=-grad<2>. That is 
there is no equipontential surface $ where the streamline V* is 
everywhere normal to Further (curlu)^ ^ 0, so the flow is 
rotational. However, it is still possible to define u via the stream 
function Vb where =^^ >(x, z) , which is constant along stream lines.
The stream function ^ is defined as;
u=-azV>=-(kx//,)dxP (6.51)
v= axV>=-(kz/^)azP-(kzpg//x) (6.52)
The sign of the partial derivatives is not important, just so long as 
they are opposite in sign but to be consistent with most of the recent 
published literature the definition above is used. There is only a 
symmetry rotation when the sign of stream function partial derivatives 
is reversed. A negative stream function value in this thesis represents 
an anti-clockwise flow.
If the flow is steady and there are no density variations to 
consider, that is no net flow into or out of the elementary volume,
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d v+d u=0 x z
then the conservation of fluid is given.by,
(6.53)
A solution can be obtained by introducing the stream function ^ into 
equations (6.35) and (6.36) and then eliminating the pressure P. 
Firstly,
axU+azV='axz2^ azx2^=0 (6.54)
So automatically satisfying the conservation of mass (equation (6.38)).
After some manipulation the stream function becomes:
U +kx/kz)ax2* +(i+kz/kx)3z2v>
- <3x(kz/ M W kz+3x<M/kz)kx/M) )3x0+
- (9 z < kxA ) 4 A x+a z (pA x) kz //i)) a z v>
= (kx+kz)gA  5XP (6.55)
The term on the right-hand side of equation (6.55) constitutes 
the driving force for convection. The density gradient arises from the 
formulation of the fluids equation of state and the temperature field. 
If there are horizontal temperature gradients there will always be a 
driving force, and consequently there will always be convection, as 
predicted in equations (6.48) and (6.50). The other terms in the 
right-hand side of equation (6.55) are modifying parameters, these are 
the permeability (lc), viscosity (p) and gravity g. These factors 
determine along what paths the fluid will flow.
For fluid flow in porous medium the general boundary conditions
are;
1. Boundary of prescribed potential. Usually assigned when there is an 
adjacent fluid medium.
2. Boundary of prescribed flux. The flux normal to the boundary is 
assigned. A special case of this is the impervious or impermeable 
boundary where flux vanishes everywhere on the boundary.
With the fluid boundary there is a little less flexibility in the 
definition of the boundary conditions. Generally it is easiest to set
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the boundary as impermeable, ^=0. Permeable or leaky boundaries are 
difficult to model. The question of what is the correct inflow or 
outflow on a boundary is important as the boundary condition has a very 
marked affect on the overall flow pattern. Bejan and Tien (1978) in 
their model for an open boundary assumed the flow was parallel and 
symmetric about the boundary. This was achieved with some difficulty 
(numerically) since on the vertical boundary a specific pressure 
distribution is required to produce a specified velocity distribution. 
Hickox and Gartling (1981) noted that parallel flow at an open vertical 
boundary can be attained by requiring that the pressure distribution be 
hydrostatic. If a symmetric hydrostatic distribution is imposed the 
resulting end flow is not necessarily symmetric, hence a rather special 
choice of pressure distribution is required. They conclude that since 
in reality the pressure distribution at an open vertical boundary is 
controlled by the conditions in the reservoir, it is arbitrary and 
incorrect to specify a particular velocity distribution for that 
boundary. If a permeable top boundary is required it is considerably 
easier to formulate than the vertical boundary. If some outflow were 
required using the method proposed by Ribando and others (1976), the 
top boundary can be considered as a constant pressure boundary and so 
define the Neumann boundary condition on the basis of conservation of 
horizontal momentum.
Another other way of handling the problem of leaky vertical 
boundaries is to conduct a modelling experiment where the boundary is 
well away from the region of interest and solve for the velocity field, 
then take a solution within the region and and so define the boundaries 
in terms of pressure and fluid velocity. The new problem could be 
formulated in terms of Robbins or Cauchy boundary conditions. This is 
possible with the computer program developed for this thesis, but this 
capability was never utilized because of the crustal scale of the
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problem being considered. In this thesis the hydrodynamic boundary 
conditions are formulated for an impermeable surface with the Dirichlet 
boundary condition 0.
Summary
The system of two equations from equations (6.19) and (6.55), which
govern pore fluid convection are 
*(pc ) d T = d (K (x)3 T) + 8 (K (z)3 T) p t X X X  z z z
- p_c_ud T - prcrv3 T + S f f x f f z
(1+k /k )d 2V> +(l+k /k )d 2V>X Z X Z X z
- (3 (k //j)/i/k +d (/z/k )k / n ) ) d  v>+Ä  Z X. Z X  X
- (■5 z ( kx/^ ) /Vkx+d z (/Vkx) kz/M) ) d
:(kx+kz)g/^ d^P
(6.56)
(6.57)
These need to be solved simultaneously, with the aid of the following 
definitions from equations (6.51), (6.62), and (5.13):
u=-azV>=-(kx//i)3xP (6.58)
v= axV>=-(kz//i)dzP-(kzpg/M) (6.59)
p=P0(l-a(T-T0)) (6.60)
Finally, if the pressure field is required it can be derived from, 
a 2P+a 2p—  8 [ (/x/k )u] - 5[ (M/k )v-pg] (6.61)
X Z X X Z Z
The solutions of these equations have no analytical expression, and so 
a solution can only be derived numerically.
6.4 NUMERICAL METHODS
There are many ways in which the governing equations (6.56) and
(6.57) may be solved numerically. There is some interplay between the 
generality of the governing equations and the numerical scheme. The 
more general systems requiring more sophisticated numerical solvers. It 
is of no surprise that most of the previous models (see Clauser and 
Behrens, (1987)) have been simple, with relatively simple numerical 
solvers being used. Solution procedures abound for the 'model' problem, 
that is for a homogeneous -isotropic system, but they are not directly
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applicable to the general problem.
The major requirement of any numerical method is that it must be 
able to adequately approximate the system being modelled and it must be 
accurate. Due to the generality of the equations governing pore fluid 
convection, equations (6.56) and (6.57), a finite difference scheme is 
one possible procedure on which to construct a numerical solver.
Finite difference methods simply replace the partial differential 
operators with suitable truncated Taylor series expansions.
Finite - difference methods are approximate in the sense that the 
derivatives at a point are approximated by different quotients over a 
small interval, but the solutions are not approximate in the sense that 
they are a crude estimate, and finite difference methods give solutions 
which are as accurate as are required, or as accurate as the generally 
noisy data sets allow. The actual error in finite differences is more 
often than not better than the error estimates (Smith, 1971).
The exact type of finite difference scheme used depends largely on what 
other features are considered important.
The heat flow equation developed is a non-linear partial 
differential equation of second order and is parabolic in the transient 
case and elliptic in the steady state case. The stream function is 
strictly elliptic as only steady state flow is being considered. The 
transient case requires both an initial condition and subsequent time 
dependent boundary conditions for solution. The elliptic equations 
require only boundary conditions, but setting initial conditions aids 
the solution procedure.
It is advantageous if the numerical solver is able to easily handle 
both parabolic and elliptic problems. If the partial differential 
equations that are to be approximated are complex then it is also 
beneficial if convergence can be assured. It is in response to these 
requirements that an Alternate Direction Implicit method (ADI) was
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chosen as the numerical method to solve the general equations (6.56) 
and (6.57).
In developing a finite difference equation replacement for the two 
types of partial differential equations, parabolic or elliptic, two 
approaches can be taken. The first of these is a direct replacement of 
the partial derivatives in the partial differential equation by 
suitable approximations and secondly by the replacement of the lower 
order partial derivatives in the conservative law (from where the 
governing equation is derived) by the same approximation. Each 
particular method has its advantages, as illustrated in Appendix C.
Application of finite difference methods of solution to parabolic 
equations is not greatly different to their application to elliptic 
equations. One is a real time step the other represents a pseudo-time 
step. Most finite differencing is done on central difference 
approximations, if there are convection terms the use of the upwind 
method which is essentially a forward or backward difference 
replacement must be used, (further details on these considerations are 
given in Appendix C).
Alternate Direction Implicit Method (ADI)
Alternate Direction Implicit (ADI) methods are a class of methods 
used to solve the system
[A ]x=b (6.62)
The matrix [A] must be nonsingular, and is split so that
[A]=[H]+[V] (6.63)
where [H] and [V] are tridiagonal matrices, or can be made so by 
suitable permutations of rows and columns. When the matrix [A] is 
collated, if consistent or natural ordering is used the matrix [A] has 
property A. This means that it is always possible to reorder the 
matrices [H] and [V] into tridiagonal form.
A convient method in solving systems involving tridiagonal matrices
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is with the use of the Thomas Alorithm. If, for example, [H] is 
tridiagonal then denote [H]=tri(a,b ,c) , by lefthand-righthand 
decomposition, [H]=[H]^[H]where [H]^=tri(a,a ,0) and
[H] r=tri (0,1 ,j0) , where
a c f b o
(^rcc/ao
a .=b .- a .ß . n i=l,n 
l  l  r  l - l
^i=ci/ai i=l,n-1
(6.64)
(6.65)
( 6 . 66)
(6.67)
To solve the set of simulataneous equations [H]T=d, solve [H]^f=d,
so;
f = d _ /o_0 O' 0
f i= (a i"b i^i_l)/Q:i i=l,n 
and then solve [H]^T =f, where T is
T* =f n n
(6.68)
(6.69)
the final solution and;
(6.70)
TVW*s+i s=n-1'0 <6-71>
Using the Thomas Alorithm places certain restriction on the values of 
the coefficients within [H]:
|b0 |> |c0 |>° (6.72)
|b^ |> I a^ I + 1 c^ I i=i,n-l and 0 (6.73)
|bn |>|aJ > 0  (6.74)
If rules (6.72-74) are broken there will be computational overflows and 
underflows in equations (6.67) and (6.69). Equation (6.73) states that 
the matrix [H] has diagonal dominace, and this is not assured in the 
case where there is a convective component in the governing equation. 
This problem can be handled with the use of upwinding: see Appendix D 
for details. Diagonal dominance is also violated in the diffusive case 
when there are high contrasts in the internal parameters, such as 
thermal conductivity or permeability. This problem is overcome with 
averaging and/or upwinding, again see Appendix D for details. Two 
factors which play an even more important role in the use of the Thomas
6:MATHEMATICAL DEVELOPMENT 172
Algorithm are the time step and the grid size used. Diagonal dominance 
can always be assured if very small time steps and grid increments are 
used, and so upwinding need not be undertaken. This approach however is 
not computationally convenient as it requires added computer memory, 
storage space and computer time, often to such an extent that it 
becomes impossible to solve the system of equations. Too large a grid 
spacing or time step without upwinding leads to oscillatory behaviour 
(at best) in the solution or amplification of errors (at worst). 
Frequent use of upwinding is with a cost however, energy or mass
are often not conserved leading to numerical diffusion, truncation and 
other errors are smoothed and smeared through the whole system,see 
Appendix C for a full discussion.
There are numerous split schemes (see Lapidus and Pinder (1982) for 
a full discussion). The ADI method has been studied extensively since 
it was first introduced by Peaceman and Rachford (1955), some valuable 
literature relevant to using the method in the general case can be 
found in Birkhoff and Varga (1959), Birkhoff and others (1962) and 
Widlund (1966). The ADI method is used extensively in the solution of 
parabolic partial differential equations, and to a lesser extent for 
elliptic equations. Although in the later application there is no great 
impediment to its implementation, it is however not the most 
computationally efficient method. The ADI method is a variation on the 
Crank-Nicolson approximation for rectangular regions. The finite 
difference equations are written in terms of quantities of two levels 
and two different finite difference approximations are used 
alternately. By equation (6.43) equation (6.42) may be written as 
either;
([H]+p[I])T=b-([V]-p EI])T (6.64)
or ([V]+p'[I])T-b-([H]-p'[I])T (6.65)
In the Peaceman-Rachford method (PRADI) (Peaceman and Rachford, 1955)
6:MATHEMATICAL DEVELOPMENT 173
the vector Tn+  ^ is determined from Tn in two steps (levels),(p and 
p' have still yet to be determined) the values of Tn+ 2 and Tn+ “^ by
([H!+p[I])Tn+H-b-([V]-p[I])Tn 
([V]+p' [I])Tn+1-b-([H]-p'[I])Tn+Si
successive applications of
( 6 .66)
(6 .67)
In the solution of the parabolic equation p=p', and its value is 
determined by the time step. A known solution is advanced from the t=kh 
to t=(k+ii)h and then advanced from t=(k+^i)h to t=(k+l)h. The second 
step requires no information at t=kh. Basically the solution is 
obtained by alternating between rows and columns in (x,z) space and 
solving tridiagonal systems. The advantage is that [H] and [V] are 
easily collated, matrix [H] contains coefficients calculated from the x 
direction partial derivatives and [V] contains coefficients from z 
direction partial derivatives. The rate of convergence to a solution is 
fixed by the choice of time step and grid size. At each complete step 
the result can be interpreted as a solution to the system. In the 
elliptic case the values of p and p' are calculated in such a manner to 
ensure the most rapid convergence to the steady state solution, in 
effect p and p' are pseudo-time steps and represent acceleration 
parameters.
For transient heat flow calculations a dimensionless quantity 
called the Fourier Number is important. The Fourier Number, Fo, is 
defined as
(6.68)
where At is the time increment used and Ax is the distance increment. 
The Fo is essentially the ratio of the heat conduction to the rate of 
heat storage. The value of Fo gives an indication of the speed at which 
a body responds to a temperature change. Low values of Fo imply a long 
period of time is required to heat or cool a body and visa versa for a 
high Fo number. In numerical modelling the accuracy of the solution
Fo=/cAt/Ax=KAt/pcAx^
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diminishes as the Fo (numerical) increases over the actual Fo number. 
This can be done for instance by using a large time step. The best 
procedure is to limit the Fo within some range. Fo=l is acceptable for 
an implicit formulation such as ADI and Fo=l/4 is acceptable for 
explicit formulations. Consequently implicit formulations have a 
distinct advantage in speed of calculation. Further, if in the implicit 
formulation Fo<l/4, better performance, relative to an explicit 
formulation, is still achieved (Croft and Lilley, 1977) .
For elliptic equations the choice of the parameters p and p' 
determines whether or not the solution procedure is stationary or not. 
If they are constant through the solution step then the method is 
called stationary, otherwise it is called non-stationary. The choice of 
acceleration parameters p and p' determines how quickly the solution 
converges. Young (1971) gives a detailed account of the theory and 
method to determine optimum or 'good' acceleration parameters. In the 
general case stationary methods are usual, as [H] and/or [V] are rarely 
symmetric and so non commutative ,[H][V] / [V][H]. Further, as [H] and 
[V] are different with different eigenvalues, it is usually the case 
that p ?  p ' . This dissimilarity is compounded in the anisotropic case 
as [H] or [V] may be diagonally dominant, but only weakly so. 
Consequently the subtraction of the acceleration parameter may destroy 
the diagonal dominance, so removing the possibility of using the Thomas 
algorithm as a solver.
The theory of convergence for the nonstationary parameters in the 
noncommutative case is in an unsatisfactory state (Young, 1971), and 
convergence is not guaranteed. In the stationary case however 
convergence is assured, and if the initial conditions are reasonably 
smooth then the number of iterations is independent of mesh size. It is 
for these reasons that all of the effort regarding convergence has 
concentrated on stationary parameters.
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The PRADI requires 25 times less work than the explicit method (due 
to no requirements on stability) and seven times less work than the 
Crank-Nicolson method (Smith, 1971, pg 42). Very little is known about 
the conditions under which the method is valid in the general problem, 
but studies indicate that it is the most advantageous in rectangular 
regions (Smith, 1971). Due to the general assurance of convergence to a 
solution using PRADI and the ease in implementing the Thomas Alorthim 
it was decided to use these two methods as the fundamental building 
blocks for the numerical method.
Overall steady state convergence was determined by monitoring the 
temperature field using
(SSlTx,z,t+r Tx,z,tl/SSlTx,z,t+ll>^ (6.69)
-3where S is of the order of 10 . Once the temperature field has
converged the convection is steady state because the stream function is 
linear, and the source term in the solution for the steam function 
d^p depends only on the temperature.
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7.1 INTRODUCTION
The conventional solution of the governing equations, (6.56) and
(6.57), is based on the classic Rayleigh Number (Ra) analysis where
only the vertical temperature gradient is considered. This is seen in
the definition of the Rayleigh Number Ra as;
Ra= gop2ckATH//iK (7.1)
where AT is the vertical temperature gradient over the height H.
Convection occurs when the Ra describing the system exceeds Ra^; for
2a homogenous medium Rac=47r . In the geological environment the
value of kATH is more often than not too small for Ra>Ra , and soc
convection has not been considered as being a wide spread phenomena.
The underlying inapplicability of applying classic convection theory to
convection in the geological environment is that it fails to take any
account of horizontal temperature gradients.
In a homogenous system where there is lateral variation in the
temperature it is possible to characterise the system with a modified
Rayleigh Number Ra (Hickox and Gartling, 1981) where;
R a % Q,2ck(Thot-Tcold)W/MK (7.2)
where in this case (T^ot-T ^^) is the lateral temperature
difference over the width W. In this case there is no critical value
that has to be exceeded for convection to occur. There will always a
driving force able to overcome resistive forces, as seen by the factor
d^p in equation (6.55). It is under the conditions of this modified
Rayleigh Number Ra , and not the classic Rayleigh Number Ra that
natural convection in the geological environment readily occurs. If the
system is heterogeneous and anisotropic it becomes difficult to define
its equivalent Rayleigh Number, so for convenience the discussion below
will describe the vigor and dynamic equivalence of the convective
systems in terms of the classic Rayleigh Number, Ra, and the modified
■kRayleigh Number Ra .
7: RESULTS AND DISCUSSION 177
The modelling aspect of this thesis has concentrated on two 
fundamental questions; what is the convective driving force, and what 
is the convective cell shape? The aim of modelling the heat and mass 
transfer equations is to match the measured heat flow over the Exmouth 
Plateau. This would then demonstrate for the first time that thermal 
convection is important in regional heat and mass transfer within the 
sedimentary basin. From this result implications for other sedimentary 
environments can be derived. The dynamics regarding the driving force 
of thermal convection has widespread application and so is a very 
important issue. For this reason numerical models exploring the basic 
physics of convective heat and mass transfer in porous medium, with 
specific reference to the geological environment, were undertaken.
The results of this work indicate that sedimentary basins by their 
very nature give rise to thermal conditions which could drive natural 
convection cells. Further, as sedimentary basins have some intrinsic 
porosity and permeability, convection is highly probable. This study 
was not intended to be exhaustive research, with all possibilities are 
canvassed, but rather a series of numerical experiments aimed at 
ascertaining the most likely situations that would give rise to natural 
convection in the geological environment. It must be remembered that 
when dealing with the geological environment that there are certain 
natural restrictions that constrain the numerical model. For example 
there is only a finite range in the rock thermal conductivity, there is 
also a limit to the amount of internal heat generation due to 
radioactive decay and appropriate boundary conditions must be used. In 
this way the diversity of realistic geological models that can be 
studied by numerical modelling is greatly constrained.
In order to help clarify the following discussion I will anticipate 
the results by stating that the major driving force for natural 
convection in the sedimentary basin is the large scale lateral
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variation in the thermal conductivity at depth between the basement 
rocks and the rocks in the sedimentary basin. The major influences on 
the shape of the convective cell are the permeability and the shape of 
the sedimentary basin. As each of these parameters are largely 
independent of each other the discussion is conveniently arranged as 
follows; first a general discussion on the driving mechanisms, and then 
a detailed discussion on how convection cell shape can be modified, 
with particular reference to the Exmouth Plateau.
There are basically two mechanisms for generating natural (thermal) 
convection. The first is to supply sufficient heat at the base of the 
porous medium to create thermal instabilities; this is classic Rayleigh 
convection due to a high vertical temperature gradient. However the 
background heat flow and permeability structure within sedimentary 
basins generally are not sufficient and so convection does not occur. 
The second, and more subtle means of driving convection is due to 
horizontal temperature gradient. As discussed in the section detailing 
the mathematical development, a fluid exposed to a lateral temperature 
gradient is unstable and will always convect.
In the geological environment there are at least three ways in 
which to impose a deep lateral temperature gradient; lateral variation 
of heat flow at the top of the mantle, lateral variation in the amount 
of heat produced by the decay of radioactive elements and finally by 
modification of temperature isotherms by thermal conductivity 
variations. In the last instance, the thermal conductivity of 
sedimentary rocks is characteristically lower than encompassing 
basement rock, and there is a 'pull up' in the isotherms within the 
basin and so this is probably the most likely cause of convection.
The results below are divided into three sections. The first deals 
with the Exmouth Plateau, the second deals with the general problem of 
heat and mass transfer in sedimentary basins and the final section
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describes some applications of the results from the preceding two 
sections. The results below are arrived at after the utilization of 
over 40 hours C.P.U. of supercomputer time on over 100 different 
modelling scenarios. For the sake of brevity the models below are only 
a small sample of the overall modelling exercise undertaken. The key 
developmental stages are given, with a full discussion on the results 
and problems the solutions themselves present. The conclusion from the 
modelling which appears inescapable is that there are driving forces 
for natural pore fluid convection in the sedimentary environment in 
general and at Exmouth Plateau in particular.
7.2 CONDUCTIVE AND CONVECTIVE PROCESSES: EXMOUTH PLATEAU
The assignment of the physical parameters, lithologies and the 
structural configuration for the Exmouth Plateau modelling exercise has 
been guided by the large bulk of other geological and geophysical data 
available for the region. The geology of the Exmouth Plateau has been 
described in Chapter 2, heat flow data and geohistory analysis 
discussed in Chapter 3 defined the surface heat flow pattern that 
constitutes the natural phenomena which constrains the models. Chapters 
4 and 5 detailed the model development and behaviour of the physical 
parameters to be used in the modelling exercise. A summary of this 
data, with references, is given below in Table (7.1). The structural 
configuration of these elements is shown in Figure (7.1), this figure 
is scaled directly from Figure (4.1), which also shows the location of 
the section in relation to the surface heat flow pattern. Modelling was 
undertaken for a region of the crust 480 km long and 40 km deep using a 
1 km square nodal grid. The boundary conditions for the model are also 
shown in Figure (7.1); there is no lateral heat flow on the vertical 
(east, west) boundaries, heat flow is specified on the bottom (mantle) 
boundary and the top (surface) boundary is assigned a fixed 
temperature. All the boundaries are assumed to be impermeable.
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Description Source
1 Structural Configuration Williamson and others (1989)
2 Gross Lithology Assignment
.sediment,basement(upper crust), 
lower crust, underplate, mantle, 
oceanic crust. Williamson and others (1989)
3 Sediment
.density 2000.0 kg/m 
.heat capacity 800.0 W/kg/ (Vs 
.thermal conductivity W/n/ C 
z direction
Hutchinson (1985)
^=0.80 Kd=2.6 0=800 
x direction
geohistory analysis 
(this study) 
calculate anisotropic 
effect (this study)
.internal heat production rate 
S=1.25/iW/nT
.porosity </>q=0.7 k=0.0008
ODP results
geohistory results
(this study) and ODP results
.permeabilty 
z direction k^.k^,/?
x direction
variable input, see 
individual models. 
variable anisotropy, 
see individual models.
4 Basement (upper crust) 
.density 2600.0 kg/m 
.heat capacity 1000.0 W/kg/Cyfe 
.thermal conductivity W/m/C 
z direction
Hutchison (1885)
^=3.00 Kq=3.00 0=0 
x direction
geohistory analysis 
(this study) 
assumed isotropic
.internal heat production rate 
S=1.00/zW/in
.porosity <£^ =0.0 k=0.0000 
.permeabilty 
z direction
Sclater and Francheteau (1970) 
assumed
k = 0 .0,kD=0.0,0=0.0 
x direction
assumed
assumed isotropic
Table 7.1 Assignment of physical parameters for Exmouth Plateau
model shown in Figure (4.1). Structural configuration is 
derived from deep seismic data, lithology from published 
data and values of physical parameters either from; 
published data, geohistory modelling (this study) or 
assumed. Thermal conductivity, fluid conductivity, 
specific heat capacity and viscosity are temperature 
dependent (as described in Chapter 5). Other physical 
parameters are also taken from Chapter 5.
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5 Lower crust
.density 2850.0 kg/m 
.heat capacity 1000.0 W/kg/C/s 
.thermal conductivity W/m/C 
z direction
Turcotte and Schubert (1982)
K^=3.50 Kd=3.50 ß = 0  
x direction
.internal heat production rate
assumed
assumed isotropic
S=0.25/iW/nr
.porosity ^=0.0 k=0.0000 
.permeabilty 
z direction
Sclater and FranchÄfiSRi (1970) 
assumed
k = 0 .0 , kD=0 . 0 , ß = 0 . 0  
x direction
assumed
assumed isotropic
6 Oceanic crust „
.density 3000.0 kg/m 
.heat capacity 847.0 W/kg/cjfe 
.thermal conductivity W/m/C 
z direction
Turcotte and Schubert (1982)
^=3.30 Kd=3.30 ß = 0  
x direction
.internal heat production rate 
S=0.16/iW/m'"
geohistory analysis 
(this study) 
assumed isotropic
.porosity <£^ =0.0 k=0.0000 
.permeabilty
assumed
z direction 
k=4.5*10'ib 
x direction
Ribando and others (1976) 
assumed isotropic
7 Under plate
.density 3000.0 kg/m 
.heat capacity 1000.0 W/kg/C/s 
.thermal conductivity W/m/C 
z direction
Turcotte and Schubert (1982)
KjY=3.30 Kd=3.30 ß = 0  
x direction
.internal heat production rate 
S=0.16/iW/m^
assumed isotropic
.porosity <f>^= 0.0 k=0.0000 
.permeabilty 
z direction
assumed
k^=0.0,kD=0.0,0=0.0 
x direction
assumed
assumed isotropic
Table 7.1 (continued) Assignment of physical parameters for Exmouth 
Plateau model.
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8 Mantle Turcotte and Schubert (1982)
.density 3300.0 kg/m
.heat capacity 1216.0 W/kg/dfc
.thermal conductivity W/m/C
z direction
K=3.30 Kd=3.30 ß=0  
x direction assumed isotropic
.internal heat production rate 
S=0.00/iW/m^
.porosity <£^ =0.0 k=0.0000 
.permeabilty
assumed
z direction
k«0.0,kD=0.0,£=0.0 assumed
x direction assumed isotropic
Table 7.1 (continued) Assignment of physical parameters for Exmouth 
Plateau model.
Superimposed on Figure (7.1) is the solution of the temperature field
assuming only conductive heat transfer. The plot at the top shows the
calculated surface heat flow (solid line) and the measured heat flow
(broken line). The first observation regarding the conductive model is
that there is a poor match between the calculated (solid line) and
measured (dashed line) surface heat flow, especially the heat flow low.
The measured heat flow high in the east can be modelled successfully by
placing a very high heat flow anomaly directly below it somewhere in
the mantle. There is however, no reason to expect very high lateral
heat flow anomalies within the mantle at Exmouth Plateau, so an even
heat flow on the bottom boundary is assumed. The background heat flow
level needed together with the internal heat production (Sclater and
Francheteau, 1970) to give a level in a surface heat flow level of 59
2mW/m , which is the average heat flow level of the measured surface
2heat flow values, is 45 mW/m . The implication from this is that the
2background (mantle) heat flow is about 45 mW/m , and consequently the 
surface heat flow low becomes more anomalous than first suggested (see 
Chapter 4).
Note that the bottom boundary (Figure 7.1) is essentially 
isothermal, suggesting that the boundary is sufficiently well away from
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SURFACE VERTICAL HEAT FLOW PROFILE
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Figure 7.1 Temperature and stream function contour plot for 
conductive heat flow model for crustal section at 
Exmouth Plateau. Top graph shows measured (dash line) 
and calculated (solid line) surface heat flow profiles.
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the region of interest, that is the upper crust, and so the system is 
not greatly effected by edge effects from this boundary.
The major feature of the conductive thermal regime is the massive 
pull up of the isotherms in the region corresponding to the region of 
thickest sediment. The 'layer cake' geology at shallower depths quickly 
diffuses the heat so that within the sediment as a whole the isotherms 
are essentially parallel. The 'pull up' of isotherms associated with 
the oceanic crust-continental crust boundary is also quite marked, but 
considerably less than the isotherm pull up in the centre of the 
plateau.
It is seen from Figure (7.1) that the crustal structural imposes 
lateral thermal conductivity variations, which in turn produce 
horizontal temperature gradients at depth. It is exactly these 
horizontal gradients that are needed to cause convection. Recall from 
the discussion dealing with convection, equations (6.48) and (6.50), 
that if the temperature gradient and the body force are not co-linear 
there will always be convection. So it has been readily shown there 
exists a driving force for convection. The problem now is to model the 
cell pattern.
If the fluid flow equations are coupled with the thermal analysis
-15 2and a homogenous permeability of 10 m is assigned to the
sediment (the remaining parameters are from Table 7.1), the resulting
surface heat flow pattern, thermal regime and flow pattern are given in
Figure (7.2). In this case the lateral variation of temperature with
depth has little effect as the classic Ra for the system is about 84 at
depth (remember that the viscosity is temperature dependent), so
convection will occur because of 8 T alone. Note that the cells aboutz
as long as they are deep, that is the aspect ratio is 1.0. The 
resulting heat flow pattern is informative from the point of view that 
is very different from the measured heat flow in wavelength and
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Figure 7.2 Temperature and stream function contour plots for a
conductive-convective model of the crustal section at 
Exmouth Plateau,
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amplitude and that it clearly indicates that this classic Ra flow
cannot be active in the region and in fact the system is a sub-Ra flow 
•k(or Ra flow), and heavily modified. Note also that the centres of 
the convective cells are at a depth more than halfway to the 
impermeable basement, this is due to the temperature effect on the 
fluid viscosity. Pore fluid convection in the sediments is so vigorous 
in this example that it has caused a lowering in the temperature 
isotherms at great depths.
A measure of the vigor of the convective system can be made from 
the value of the dimensionless stream function maximum or minimum. So 
define the dimensionless stream function for the sediment as; 
r=l>pc/K (7.3)
In Figure (7.2) the outer most concentric stream line has a value of ±1 
(- value denotes clockwise flow and + value denotes anticlockwise flow) 
and the maximum absolute value within the cell is 5.1.
The major unknown variable in the modelling process is the sediment 
permeability. The remaining variables are well constrained to within an 
order of magnitude, and generally accuracy is better than this. The 
permeability is the major influence on the shape of the convective 
cells and consequently the overall heat and mass distribution. As was 
seen from the previous example (Figure 7.2), if the overall 
permeability is relatively large (in comparison the scale of the model) 
then vertical temperature gradients gave rise to convective currents. 
The wavelength of the surface heat flow expression of these convective 
cells indicate that the permeability is probably toohigh and needs to 
be reduced.
Before the overall permeability was reduced the effect of 
anisotropic permeability was investigated with the aim of determining 
if it is possible to smear convective cells to even lower aspect ratios 
(and hence longer wavelength surface heat flow profiles). The
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horizontal permeability was increased from 10 13 mZ to 10 iqmZ,
i.e. anisotropy in the sediment (V:H) is 1:10. The result is shown in
Figure (7.3). It shows that it is possible to decrease the aspect ratio
as well as the total number of convective cells by permeability
anisotropy. However there do appear to be some limits on what value of
anisotropy can be used. From further numerical studies it appears that
when a convective system is generated by vertical temperature gradients
increasing anisotropy in the permeability induces transient effects in
the convective system. This can been seen by the fact that the vigor of
the convective system is greatly increased in this example, the maximum
absolute stream function value is 22.3. On the basis that modelled
surface heat flow profiles from convection generated by vertical
temperature gradients cannot match the wavelength of the measured
surface, it is concluded that horizontal temperature gradients are the
most likely cause of convection at Exmouth Plateau as vertical
temperature gradients impose wavelength and transient restrictions.
These can be tested by further altering the vertical and horizontal
permeability again. In the next example (Figure 7.4) the horizontal
-15 2permeability was reduced to 10 m and the vertical permeability 
“16 2reduced to 10 m . There are still a large number of convective
cells and the wavelengths of the modelled surface heat flow profile are
still to small. The reduction in the permeabilities has reduced the
vigor of the convective system, in this example the maximum absolute
value of the stream function is 8.3. It still appears that vertical
temperature gradients are giving rise to convection and that the
overall permeability of the sediments has to be reduced further.
-18 2In the next example the vertical permeability is 5*10 m and
“16 2the horizontal permeability is 5.0*10 m , anisotropy is 1:100.
In this case the vertical permeability is too small to allow for 
classic convection. However, it can be seen from Figure (7.5) that
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Figure 7.3 Temperature and stream function contour plots for a
conductive-convective model of the crustal section at 
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large scale convection is occurring. In this case the flow results from 
the horizontal temperature gradients at depth and the relatively high 
horizontal permeability (relative to the vertical permeability). The 
cell shape is controlled by two factors: firstly the shape of the 
impermeable basement and secondly by the anisotropy in the 
permeability. Note that the most vigorous part of the convection cell 
(the region where the stream contours are closest) is deep in the 
sedimentary section. This is due to the reduction of viscosity of the 
fluid with temperature. In this example if this temperature dependency 
is removed no convection would occur, so highlighting the need to 
consider the non linear form of the governing equations. The vertical 
fluid Darcy velocity ranges from -553 to +277 m/Myr and the horizontal 
fluid velocity ranges from -1370 to 3940 m/Myr, (recall that the actual 
fluid velocities would be 10-1000 times greater than this, depending on 
the porosity-permeability model used, see Chapter 5). Note that there 
is no surface heat flow expression of the convection cell (compare the 
surface heat flow profile to the conduction only case in Figure 7.1). 
This demonstrates that is possible to have extensive and relatively 
vigorous subsurface pore fluid convection cells that are not detectable 
by surface heat flow measurements. This is due to the fact that if the 
cells are very deep, the perturbations in the temperature field are 
diffused out well before the heat flow passes through the top boundary.
The process of iterating towards an acceptable solution has led to 
the discovery of what are the major factors in generating and modifying 
the heat and mass transfer modes. The first observation is that a flow, 
whether local or region, can be 'choked out' simply by reducing the 
permeability. In a broad sense the vertical permeability controls the 
amplitude of the surface heat flow expression of the subsurface 
convection cell and the horizontal permeability controls the 
wavelength. There is of coarse an interplay between the absolute values
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of the vertical and horizontal permeabilities as well as the anisotropy 
in determining the cell shape and vigor. It is not within the scope of 
this thesis to define this interplay any further.
If permeabilities are reduced substantially on a regional scale 
then the heat transfer is dominated by conduction, and as illustrated 
above conductive case (Figure 7.1) heat transfer cannot explain the 
surface heat flow. Consequently there must be some flow. Secondly the 
flow is relatively insensitive to temperature variations caused by 
lateral variations in internal heat production. Radioactive decay alone, 
at reasonable levels, simply does not produce enough lateral 
temperature variations to generate the required flow rates which would 
modify the surface heat flow. In the case of the Exmouth Plateau it is 
fortuitous that there pre lateral variations in the subsurface 
distribution of the heat producing elements, due mainly to the 
structuring of the upper and lower crust. It is even more fortuitous 
that the areas of low internal heat flow are directly below the 
measured heat flow low. More important however is the fact that this 
region is also one of relatively thin sedimentary cover. This leads to 
the observation that the major cause, or driving force, of convection 
in this region is the lateral variation of thermal conductivity with 
depth. The direction of the fluid flow confirms to some degree the 
interpretation of the basement structure, that is in a asymmetrical 
basin the upwelling convective limb will be in the zone where the 
greatest (conduction only) horizontal temperature gradients exist. 
Lateral variation in the mantle heat flow was modelled, however due to 
the large distance between the mantle and the base of the sedimentary 
pile, the lateral variation in heat flow diffused out. It required a 
very large lateral mantle heat flow variation, 3-4 times the 
background, for it to have any effect on the convection system. A major 
feature of the numerical model was the fact that it could handle
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non-linear problems, the temperature dependence in the fluid viscosity 
(notably) the order of magnitude reduction with temperature in the 
temperature range of 0-150°C) greatly enhanced the likelihood of 
convection. Once fluid is set into convective motion, the relatively 
high heat capacity of water means that the temperature field will 
generally be perturbed because of the large amount of heat that is 
transported with the fluid.
The best fit model that was generated is given in Figure (7.6).
-18 2The mean permeabilities for the sediment are kz=4*10 m and 
-15 2k^=2*10 m . The anisotropy is 1:500, which is a reasonable 
value for a problem of this scale (McKibbin and Tyvand, 1982) . The low 
vertical permeability is more than enough to suppress Ra flow, however 
a relatively large anisotropy is required to smear the convection cell 
to the aspect ratio required to produce a surface heat flow profile of 
the wavelength of the measured profile. The match between the 
calculated and measured heat flow profiles is quite good. A better fit 
is difficult considering that the numerical model is a two dimensional 
simulation of a three dimensional phenomena. The model could be further 
refined by breaking up the sediment into compartments and altering the 
permeability and other physical parameters. This was not considered 
worthwhile as the aim is only to model large scale first order effects. 
The close fit between the curves shows that this has been largely 
achieved.
The temperature contour plot in Figure (7.6) shows that there is a
massive pullup in the isotherms in areas of up flow and a corresponding
cooling in the downwelling regions. Interestingly there is an increase
in the temperature at mantle depths. It seem that convection under Ra
■kconditions tend to cool the mantle, whereas convection under Ra 
conditions tend to heat the mantle. The stream function plot 
(Figure 7.6) shows that the heat and mass transfer is dominated by a
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Figure 7.7 Darcy velocity contour plots for a conductive-convective 
model of the crustal section at Exmouth Plateau,
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Figure 7.8 Heat flow contour plots for a conductive-convective 
model of the crustal section at Exmouth Plateau. Top 
graph shows measured heat flow (dashed line) and 
calculated heat flow (solid line).
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large cell in the deepest part of the basin. The aspect ratio (V:H) of 
the cell is about 0.06, which is close to the original estimate based 
on the surface heat flow profile. The most vigorous part of the cell is 
deep in the basin. The model also predicts a minor convective back roll 
to the west of the major cell. This is required to bring the surface 
heat flow back to high levels in a relatively short distance form the 
region of low heat flow. A minor convective roll associated with the 
oceanic crust is also predicted. Interestingly there is not a 
significant convection associated with the Rankin Sub-Basin to the west 
of the major convective cell, indicating that heat flow levels in the 
region result largely by lateral conduction of heat away from the major 
cell. The problem of convection in small basins is considered to some 
extent in the next section. It must be pointed out that in absolute 
terms the permeabilities used to give the flow pattern in Figure (7.6) 
are very low indeed, indicating that pore fluid convection may be 
possible in large number of cases where it has not been previously 
thought possible.
The fluid velocities and heat flow levels are also given in this 
modelling case, see Figure (7.7) and (7.8) respectively. The velocity 
plot shows very large Darcy velocities, it is estimated that the major 
cell completes one cycle every 5-10 million years. On this basis it is 
suspected that the cell is probably in steady state, as the conditions 
for cell convection have existed for about 120 million years. This is 
to say that the cell may have completed about 10 full cycles and so the 
temperature and flow fields have had sufficient time to come into a 
steady state. The subsurface heat flow plot (Figure 7.8) shows that 
there is a massive redistribution of heat in the sedimentary section, 
and that the surface heat flow is a poor expression this.
If the result is taken on face value there are several observations 
which can be made. Firstly convection is perturbing the temperature to
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great depths: in Figure (7.6) such perturbations are seen to reach the 
mantle. The second and crucial observation is that convection 
represents a natural self-sustaining mode of heat and mass transfer, 
the horizontal temperature gradients that are the driving force for 
convection are actually increased, up to some steady level. This 
analysis does not differ greatly from the analysis undertaken for 
convection in regions of sloping isotherms, but it does, however, 
suggest a mechanism whereby the sloping isotherms can be maintained in 
a geological environment.
In conclusion, there are two independent quantities which govern 
pore fluid convection in the Exmouth Plateau. The main driving force is 
the lateral variation of temperature. This will exist irrespective of 
the permeability structure. Further it is actually enhanced if 
convection occurs. Secondly and perhaps less important is the mechanism 
the permeability field, which modifies the flow.
7.3 CONDUCTIVE AND CONVECTIVE PROCESSES IN SEDIMENTARY BASINS
Thermal convection of pore fluids in the geological environment has 
generally been thought to be confined to high temperature, high energy 
(high heat flow) regions in the earth's crust. Modelling of these 
regions has been largely restricted to simple cases of homogeneous and 
isotropic media with simple boundary conditions. In the light of this 
study, models and results using a classic Rayleigh convection model are 
not generally applicable to the study of convection in the geological 
environment as there is the possibility of a gross underestimate of 
convective effects. Further, temperature effects on the pore fluid 
viscosity, heterogeneity and anisotropy of the medium need to be 
considered, not only because these effects can alter flow paths, but 
because in many cases these effects actually give rise to the flow
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itself. A case where conventional theory has predicted the absence of 
convection is given below, yet when the theory is generalized it 
actually predicts that convection is occurring.
Hemicylindrical Basin Modeling
It has been become clear in recent times that thermal conductivity 
contrasts in the subsurface rocks can greatly affect the surface heat 
flow. The model which has frequently been used to explain measured high 
heat flow in a region close to but outside a basin, and low heat flow 
values inside the basin is that of a hemicylindrical body of low thermal 
conductivity within basement rocks of higher thermal conductivity. 
Lachenbruch and Marshall (1966) derived an analytical solution to this 
problem in terms of the surface heat flow, and Sclater and others 
(1970) derived a numerical approximation for the surface heat flow and 
subsurface temperature. In the course of development of the 
mathematical and numerical model described in the paper, their results 
were used as a check on the computer code, with a surprising result 
when the fluid flow equations were coupled with the heat equation.
Figure (7.9) shows the conductive (Model 1) heat transfer in a hemi­
cylindrical basin 16 kilometres wide and 8 kilometres deep, the 
thermal conductivity inside is 1 W/m°C and 3 W/m °C outside. The
modelled region is for a portion of the earth's crust 40 kilometres
2wide and 20 kilometres deep. The background heat flow is 60 mW/m 
with no heat flow out of the vertical sides and with a top boundary 
fixed at zero degrees Celsius. As can been seen from the isotherm 
contour plot, there is a general pull up of the temperature in the low 
thermally conductive sedimentary basin. The calculated surface heat 
flow is given in the boundary heat flow figure, (Figure 7.9), where the 
basement heat flow is the dashed line and the solid line is the surface 
heat flow. The numerical result corresponds to the analytical solution 
of Lachenbruch and Marshall (1966). The other plots associated with the
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Figure 7.9 Model 1. Conductive heat transfer in a hemicylindrical 
basin.
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numerical results are the calculated horizontal, Q , and verticalx
heat flow, , contour plots, together with the stream function ip and 
fluid Darcy velocity plots, and the pressure field. From the horizontal 
heat flow contours it can be seen that there is a small but significant 
lateral heat flow away from the basin, caused by the thermal 
conductivity contrast. From the vertical heat flow plot in Figure (7.6) 
it can be seen that the heat flow perturbation effects of the thermal 
conductivity contrast extend deep into the crust well beyond the 
boundaries of the basin. The stream function plot and the Darcy 
velocity plots, where u is the horizontal Darcy velocity and v is the 
vertical Darcy velocity, shows there is no flow as the coupled 
convection process has been suppressed by assuming a zero thermal 
expansion coefficient for water. The results illustrate the 
conventional way in which heat flow is modelled in a sedimentary basin, 
and it is informative to see the basic effects of the thermal 
conductivity contrast in terms of perturbed isotherms and heat flow 
paths. The major feature, as far as this study is concerned, is the 
lateral variation of temperature at any given depth in a region close 
to the basin edge. This lateral variation in temperature should create 
buoyancy forces that in turn create a convection cell.
A series of trials were undertaken whereby convection effects, if
they existed, were allowed to modify the temperature field. The results
are shown in Figures (7.10) to (7.22). Due to the complexity of the
geometry of the basin and the overall heterogeneity of the system it is
difficult to maintain a system that has the same dynamical level (i.e.
•kthe same Ra or Ra ) as the physical parameters vary with 
temperature. This means that it is difficult to quantify or compare and 
contrast the effects of different input parameters. With this 
limitation in mind the discussion on convection in sedimentary basins 
given below is not a discussion of the relative effect of one input
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parameter, but rather a broad investigation into the dynamics of heat 
and mass transfer.
Model 2.
In this model the permeability of the sediment and basement was set 
-18 2to 10 m and the linear form of the heat and mass transfer 
equations was solved: this means that the fluid viscosity, thermal 
expansion coefficient and specific heat capacity were held constant.
The modelling results are shown in Figure (7.10). They differ little 
from the conductive case, due to the fact that the possible convection 
cells have been choked by the low permeability. Note however that there 
are small flow rates, seen in the vertical and horizontal Darcy flow 
plots, and that these are confined to the region corresponding to the 
basin margins.
Model 3.
-17 2The basin permeability is now altered to 10 m , and there is 
a slight increase in the flow rates (see Figure 7.11), but as yet there 
is no marked change of the heat flow or temperature field, compared to 
the conductive case in Figure (7.9)
Model 4 .
The basin permeability is now increased another order of magnitude to 
-16 210 m , and as before (see Figure 7.12) there is a slight 
increase in flow rates but not enough to perturb the temperature or 
heat flow field far from the conduction-only case. The stream line plot 
shows that the flow is restricted to basin margins, and the upwelling 
limbs of the convection system are closest to the centre of the basin. 
Model 5.
-15 2Increasing the permeability further to 10 m (1 millidarcy) 
results in a marked increase in the flow rates. From Figure (7.13) it 
can be seen that the convection cell has increased in size and that it 
now sweeps most of the basin, not just the margins as in Model 4. The
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Figure 7.10 Model 2. Conductive-convective heat transfer in a 
hemicylindrical basin,
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Figure 7.11 Model 3. Conductive - convective heat transfer in a 
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Figure 7.12 Model 4. Conductive-convective heat transfer in 
hemicylindrical basin.
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Figure 7.13 Model 5. Conductive-convective heat transfer in a 
hemicylindrical basin.
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Darcy velocities are now in the order of 50 m/Myr, and for such a small 
basin a single convection cell cycle would take about 20 million years. 
Note that there is still no expression of the convection cell in
the surface heat flow profile, as the cell is deep and the Darcy 
velocities are so small.
Model 6.
This model (see Figure 7.14) shows a classic convection cell flow
-14 2pattern. In this example the permeability is 10 m (or 10
millidarcy) and this is high enough for the Ra to be above the critical
value. The stream function plot shows a two-cell flow with upwelling in
the centre of the basin and downwelling at the basin margins. The flow
rates are now as high as 9460 m/Myr. There is now a marked change in
the subsurface temperature and surface heat flow profile. The surface
heat flow pattern clearly indicates the location of the upwelling and
downwelling limbs of the convection cell.
From the previous examples it has become clear that convection can
occur at sub-Ra levels. This example of Ra flow is informative in that
it establishes some criterion by which to judge Ra flow. First the flow
rates are very high indeed, secondly there is a massive redistribution
of heat flow within the basin and finally there is a marked surface
heat flow anomaly associated with the convection cells.
The question that is now considered is whether or not is possible
to get convection of equal vigor (that is high flow rates, large
redistribution of subsurface heat flow) with reduced permeability by
considering the non linear form of the heat and mass transfer
equations. Permeability levels of 10 millidarcy are not common in
sedimentary rocks, so from the previous modelling it is possible to see
why convection is not thought to readily occur in sedimentary basins.
-16 2Permeability levels at 10 m (0.1 millidarcy) are however 
common, so this value was taken as the benchmark level. From Figure
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Figure 7.14 Model 6. Conductive-convective heat transfer in 
hemicylindrical basin,
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(7.12) above it can be seen that there is very slight convection at 
this permeability , the next two models show the results of solving the 
non linear problem 
Model 7.
This example is the same as model 4, except that the coefficient of 
thermal expansion is now temperature dependent, as described by 
equation (5.11). The results show (Figure 7.15) that there is an 
significant increase in the flow rates, from 5 to 330 m/Myr, between 
the linear and non linear problem. However there is still no 
significant perturbation of the subsurface or surface heat flow.
Model 8.
If the viscosity is allowed to be temperature dependent also (see 
equation 5.20), there is a marked increase in the vigor of the 
convection. Figure (7.16) shows a two-cell system has developed, 
upwelling in the centre of the basin and with flow rates as high as 
5300 m/Myr. There is a significant redistribution of subsurface heat 
flow and a change in the surface heat flow profile. So by considering 
the non linear problem it is possible to produce the same effects as 
the linear problem with a reduction of two orders of magnitude in the 
permeability.
Model 9.
If the permeability is now set to be anisotropic it is possible to
alter the convection cell pattern. In this example (Figure 7.17) the
-16 2vertical permeability is 10 m and the horizontal permeability 
-15 2is 10 m : anisotropy is 1:10. The modelling results show that 
there is an increase in the vigor of the system, due largely to the 
increase horizontal permeability, and that there is a slight elongation 
of the convection cells.
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Figure 7.15 Model 7. Conductive-convective heat transfer in a 
hemicylindrical basin.
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Figure 7.16 Model 8. Conductive-convective heat transfer in a 
hemicylindrical basin.
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Figure 7.17 Model 9. Conductive-convective heat transfer in a 
hemicylindrical basin.
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Model 10.
If the basin is buried there are some interesting effects. In a 
conductive regime a buried basin not only has isotherm pullup in the 
centre of the basin (at depth) but also has isotherm pulldown at 
shallow depths. The dual effect should be complementary and convection 
should be enhanced. Using the same parameters as in model 9, except 
that the basin is now buried under 2 km of sediment, the modelling 
results (Figure 7.18) show this to be the case. In Model 10 the 
absolute value of the stream function is greater, the flow rates are 
about 40% greater and the subsurface heat flow redistribution is 
greater. The surface heat flow profile shows a smaller degree of 
perturbation as the 2 km of sediment diffuses the heat laterally before 
it reaches the surface.
Model 11.
In an attempt for a better geological model instead of an 
homogenous anisotropic basin sediment, a layered model was considered. 
For an alternating sand-shale sequence, each layer 2 km thick, where 
the sand has permeabilities as described in Model 10, and the shale has 
permeabilities an order of magnitude lower, the modelling results are 
given in Figure (7.19). The heterogeneity of the sediment alters the 
cell flow paths so that they are more elongated. The overall vigor of 
the convective system is reduced due to the reduced permeability of the 
shale.
Model 12.
For a model similiar to Model 11 but with each layer 1 km thick 
there, is a further reduction in the vigor. From Figure (7.20) it can 
be seen that the flow paths are changed, there is a preference for the 
pore fluid to flow within the sand sequences.
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Figure 7.18 Model 10. Conductive-convective heat transfer in a 
hemicylindrical basin, '
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Figure 7.19 Model 11. Conductive-convective heat transfer in 
hemicylindrical basin.
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Figure 7.20 Model 12. Conductive-convective heat transfer in a 
hemicylindrical basin.
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Model 13.
If the sand and shale is randomly distributed in the basin, 
instead of being in layers, (but the proportion of each is the same), 
then the convective system is more chaotic, see Figure (7.21). The 
results from this model show that it is possible to have one cell that 
could dominate the whole convective system, and that flow paths cannot 
be uniquely determined unless the permeability field is known.
Model 14.
Another possible mechanism to create lateral variations in the 
geological environment is with a lateral variation in mantle heat flow.
Figure (7.22) shows a model of a portion of crust where the heat flow
2 2on the left is 55 mW/m and on the right it is 65 mW/m . The
-16 2sediment is 4 km thick and has a permeability of 10 m . The 
temperature plot shows sloped isotherms in the crust: the slope becomes 
less as the heat flow reaches the surface due to diffusive effects. The 
slope on the isotherms is enough to drive a small amount of convection, 
but flow rates are however very small. Nonetheless the model does show 
that it is possible to get steady state convection when there is a 
lateral variation in heat flow at depth.
The implication from this model is that where there is a lateral 
variation in surface heat flow, and providing there is continuous 
permeability between the heat flow lows and highs there will also be 
convection. Drawing on the results from the previous models, the 
convection will probably be deep in the sediment with little or no 
surface heat flow expression.
A model was run whereby internal heat production was varied. 
However it is concluded that lateral variations in internal heat 
production in the sediments was insufficient to drive pore fluid 
convection cells of any significant vigor.
The examples illustrated show that the geometry of a sedimentary
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Figure 7.21 Model 13. Conductive-convective heat transfer in a 
hemicylindrical basin.
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basin almost inevitably implicitly creates conditions conducive to 
convection. The surface heat flow plot illustrates the difficulty in 
detecting a convection cell by surface heat flow measurements because 
of the generally subdued surface heat flow expression of the convection 
cells and the inaccuracy of surface heat flow measurements. This 
probably explains why to date convection cells have not been seen in 
surface heat flow profiles, even though the modelling results show that 
convection readily occurs. With the advent of better measurement 
accuracy, (see Villinger and Davis 1987) , the surface expression of 
pore fluid convection may become more evident. Alternatively if the 
measurements are made where the systems are vigorous, in the case of 
Exmouth Plateau for example, then convection could be detected from 
surface heat flow measurements using existing technology. Fortunately, 
the modelling capability developed can be used as a predictive tool and 
highlight likely areas of pore fluid convection.
The raised temperatures in the basin mean that there is generally 
an upward flow in the centre of the basin and, depending on a variety 
of conditions there may be a single or multi-cell system within the 
basin. The modelling results support the conclusion that the inherent 
thermal conductivity contrast between a sedimentary basin and its 
surrounding basement rocks creates and sustains convection within the 
sedimentary section. Note from the figures that the fluid flow is 
upward in the centre of the basin. The basin not only causes convection 
but focuses it and cannot overcome the fundamental thermal conductivity 
contrast. In this way the convection cell is said to be self 
sustaining. A requirement for convection occurring in the sedimentary 
basin is that there must be some leakage of the fluid flow into the 
basement, as the isotherms are horizontal in the sedimentary section. 
From these examples it can be realised that convection is probably more 
prevalent than first recognized, and more detailed heat
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flow surveys over sedimentary basins may show this.
There is of course the problem of scale when dealing with convection 
on a regional scale. The models described above are for a relatively 
narrow deep basin. The temperature gradient from the centre of the 
basin to the margin is reduced as the basin widens, consequently 
convection is confined largely to the edges of the basin.
If the basin has a sufficiently thick sedimentary cover over both 
the basement and sediments confined within it, then there is a rapid 
diffusion of the perturbed irregular isotherms to near horizontal 
isotherms near the surface. This has the net effect of confining pore 
fluid convection to relatively deep parts of the basin. However 
convection is somewhat enhanced because there is a corresponding 'pull 
down' of the isotherms near the basin margin, near to the termination 
of basement rocks.
The thermal conductivity contrast is the cause of the horizontal 
temperature gradients: the greater the contrast the greater the overall 
convection. Laboratory measurements (Zoth and Hanael, 1988) indicate 
that thermal conductivities of the major rock types tend to converge at 
elevated temperatures. Conductivity contrasts above 200 °C are likely 
to be no more than 2. This has no great affect on the mechanisms 
already discussed it does however place an upper limit on the vigor of 
the system.
7.4 HYDROCARBON MATURATION, MIGRATION AND TRAPPING
There are many possible applications of results pointing to the 
presence of large scale pore fluid convection in sedimentary basins. 
Because the Exmouth Plateau is an important hydrocarbon producing area, 
it was decided to apply the results to hydrocarbon maturation, 
migration and trapping. Each of these areas falls neatly into 
individual considerations of the study of heat and mass transfer. 
Maturation is concerned with temperature, which is dealt with in the
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heat equation (6.56), migration is concerned with the flow paths, which 
in turn is solved from the stream function equation (6.57) and finally 
trapping is associated with the pressure field equation (6.61). Each of 
these applications is discussed in turn below. The discussion deals 
mainly with the Exmouth Plateau, but the points raised are generally 
applicable.
Previous Studies
There is a large body of research dealing with hydrocarbon 
maturation, migration and trapping. This study differs from all the 
previous published results by the fact that the heat equation is linked 
to the fluid flow equations, and thermal conductivity contrasts are 
considered as the main driving mechanism for fluid flow.
The association of continental margin subsidence and heat flow is 
well established. Royden and others (1980) first noted the similarity 
of margin subsidence and subsidence in deep oceans and pointed out the 
importance of heat flow and the generation of hydrocarbons. All of 
their heat flow models predict a high heat flow at margin formation 
with a slow decay, the decay rate depending heavily on the amount of 
extension. The implication that heat flow was higher in the past means 
that there was more energy to drive a conductive-convection system.
In general there are three processes important in generating pore 
fluid movement on a regional scale; compaction, natural convection and 
forced convection. These three processes can be delineated by the 
maximum pore fluid velocity that they can generated. Compaction flow is 
limited by the maximum sedimentation rate experienced within a basin, 
for example if the maximum sedimentation rate is 100 m/Myr then the 
absolute fluid velocity cannot be greater than this. On the other hand, 
natural convection is independent of sedimentation and on regional 
scales (excluding local geothermal areas) the pore fluid velocities can 
be as high as 10,000 m/Myr. Finally forced convection, due to the
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imposition of a gravity head, can result in even greater pore 
velocities, and rates as high as 1,000,000 m/Myr are not unreasonable.
In order of importance in the study of heat and mass transfer, 
compaction flow is minor due to the low absolute velocity it can 
generate, natural convection is more important because it can generate 
larger flow rates and finally forced convection is considered the most 
important as it is possible to generate very large flow rates. In every 
geological environment it is necessary to assess the most dominant 
process. If a basin is starved of sediment the compaction flow is most 
likely negligible. If there are no mechanisms to generated forced 
convection, for example there are no mountains and confined aquifers, 
then its effect can be neglected. If there is insufficient permeability 
to allow for natural convection then this process can be ignored also.
Previously there has been a focus on compaction as the cause of 
primary migration and conduction as the primary control on the 
temperature field, (see Dol igez and others, 1987; Bonham, 1980; Magara, 
1976; Neglia, 1979; Bethke, 1985).
Forced convection has been studied extensively a hydrogeological 
flow in the shallow geological section,less than 2 kilometres depth. 
Applications to hydrocarbon studies can be found in Chiarelli and Richy 
(1983), Oxburgh and Wilson (1989).
Maturation
Maturation levels for the Exmouth Plateau expressed as vitrinite 
reflectance can be obtained from well data. Figure (3.11) shows the 
location of the wells studied, Figures (7.23)-(7.35) show the measured 
vitrinite reflectance levels in the wells (where such data exists) 
together with a calculated present day vitrinite reflectance curve and 
a time-depth-vitrinite reflectance plot. These plots were calculated as 
part of thermal geohistory analysis, described in section (3.3). In 
general there is a good fit between measured and calculated vitrinite
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well.
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reflectance. As vitrinite reflectance can be used to indicate 
palaeo-heat flow levels and as the heat flow from the well data roughly 
parallels the measured heat flow, this indicates that present day heat 
flow levels have existed for a long time, since the Cretaceous at 
least. The implications for the conductive-convective study are that 
the convection cell has existed from this time, and affected the 
temperature accordingly. The low geothermal gradients in the Jupiter 
and Mercury wells in the centre of the Exmouth Plateau and near the 
heat flow low are therefore an independent indication of a convection 
cell. Convection cells are characterized by cold down going regions 
with low surface heat flow, whereas the upwelling regions are 
characterized by hot pore fluids and high surface heat flow. This is 
seen at Exmouth Plateau, where as previously mentioned the wells at the 
centre of heat flow have low geothermal gradients, about 24 °C/km, and 
the upwelling region to the east has high heat flow and high geothermal 
gradients, about 34 °C/km.
Results from the modelling exercise show the temperature field for 
the Exmouth Plateau is greatly perturbed, see Figure (7.3). If this 
temperature field is the steady state and has existed for a long 
period, as suggested by the vitrinite reflectance data, this would 
indicate that areas of the Exmouth Plateau have been cooled or heated 
for a long time. This would have had the effect of suppressing 
maturation in the colder areas and enhancing maturation in the hotter 
areas. From the areal distribution of the surface heat flow the cool 
region is in the centre of the Plateau and the hotter region is 
generally the shelfal region. This may explain the notable absence of 
hydrocarbon discoveries on the Plateau proper, whereas the shelfal 
areas are prolific producers.
Migration
If pore waters in the sedimentary section are convecting, at a rate
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of up to 10 km a million years and as matured hydrocarbons are fluid, 
it would be reasonable to assume that some of the hydrocarbons will 
become entrained in the pore fluid motion. Consequently the stream 
lines, like those in Figure (7.6) can also be interpreted as 
hydrocarbon migration paths. This is a rather simplistic assertion, as 
the hydrocarbons would have a significantly smaller density than even 
the hottest pore fluid, and so they would also move under the influence 
of their own buoyancy force. The fact that hydrocarbons are relatively 
insoluble in water means that there would be a preference for the 
hydrocarbons to move in the direction and at a rate governed by their 
own buoyancy force.
The occurrence of large scale convection in the Exmouth Plateau can 
however be used to make a few implications for hydrocarbon occurrences. 
The first observation which can be made from the fluid flow rate is 
that the convection cell turns over completely every 10 million years. 
Secondly migration is closely linked to the temperature field, which in 
turn is a factor in the maturation. From Figure (7.3) it can be seen 
there fluid is drawn down very deep into the sedimentary section and 
sustained at very high temperatures. This may explain why the region is 
gas prone rather than oil prone. The hydrocarbons are actually drawn 
down into the hotter sedimentary section and consequently the heavy 
compounds are cracked to the lighter gases. Note also that the 
direction of the stream lines from the deeper, 'maturing' regions would 
preferentially direct hydrocarbons to the east, that is toward the 
shelfal regions. The relatively poor success of wells drilled on the 
Plateau could suggest that either the low geothermal gradients caused 
by the pore fluid convection have suppressed maturation or that they 
have caused the hydrocarbons to be drawn away and placed in the region 
above the upwelling limb.
Trapping
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As the fluid is moving, the pressure field in the pores is now 
hydrodynamic, as opposed to hydrostatic for a fluid at rest. The 
pressure gradients are given by;
6xP=(^/kx)u (7.3)
$2P“(A*Az)v-pg (7.4)
With the extra terms in the pressure field due to the fluid velocity it 
would be possible for hydrodynamic pressure traps for hydrocarbon 
accumulation to develop. In the pressure field calculation for Exmouth 
Plateau the fluid velocity was too small to develop any significant 
pressure field anomaly over the hydrostatic pressure field. This is due 
to the fact as absolute Darcy velocities are of the order of
_ g
10 m/sec, looking at the right hand side of equation (7.4), the 
value of pg (the hydrostatic term) is about 2 to 3 orders of magnitude 
greater than (the hydrodynamic term) . So in this case the
hydrodynamic pressure field has little effect on the overall pressure 
field. Note that fluid movement actually reduces the pressure. This 
means that it is possible to use the relationship P=pgz to determine 
the pressure field, and that the simplifying assumptions regarding the 
pressure effect on the physical constants, discussed in chapter 5, are 
valid and not greatly compromised by the hydrodynamic pressure. From 
equations (7.3) and (7.4) it is possible to calculate a upper limit on 
the flow rate before hydrodynamic pressures may become significant, 
however the determination of this is somewhat arbitrary and complicated 
by the value assumed for the permeability. Pressure effects can be 
gauged to some extent from the pressure field solutions associated with 
the hemispherical modelling, see Figures (7.9) to (7.22), and it takes 
very large flow rates to perturb the pressure field from the 
hydrostatic pressure regime.
There may be local effects at Exmouth Plateau where hydrodynamic 
pressure is significant, however that cannot be detected because the
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modelling was undertaken on a region scale. More generally, it cannot 
be ruled out than in the shallow geological section in areas of rapidly 
changing permeabilities with varying Darcy velocity flow rates that 
hydrodynamic pressure may develop hydrodynamic pressure traps. There is 
a problem in respect of hydrodynamic traps: regions of low pressure are 
characterized by high Darcy velocities. If hydrocarbons are entrained 
in the flow then presumably they would be swept from the low pressure 
region. Alternatively if hydrocarbons migrate under the influence of 
their own buoyancy force it may be possible to trap hydrocarbons in the 
low pressure zones, if a sufficient pressure differential exists. It 
appears at this stage, with this rudimentary analysis, that the effects 
of migration and trapping are mutually exclusive.
Convection may be able to explain tilted gas/water or oil/water 
contracts as the pressure field may be altered locally as fluid flows 
around an impermeable barrier that coincidently is trapping oil.
Summary
The study of pore fluid migration in sedimentary basins has a 
direct application to hydrocarbon studies. Perturbations in the 
temperature field from conductive levels, in terms of magnitude and 
timing of temperature differences, caused by convection have a direct 
bearing on maturation. Pore fluid flow by convection by its very 
nature, follows and defines the preferred flow paths, and as there is 
the possibility for hydrocarbon entrainment, a stream function map may 
show hydrocarbon maturation paths. If pore fluid velocities are high 
enough, then hydrodynamic hydrocarbon traps may develop. It is 
important to realize these traps can be independent of geological 
structure, and consequently hydrodynamic traps define a new play 
concept in the exploration for hydrocarbons.
CHAPTER 8: CONCLUSIONS 241
With 86 new heat flow values determined for the region the surface
heat flow for the Exmouth Plateau is now well known. This makes it one
of the most comprehensively survey areas of submerged continental crust
2in the world. The average heat flow for the region is 59 mW/m , and
2 2the heat flow range is 19 mW/m to 183 mW/m . The surface heat flow
pattern for Exmouth Plateau is characterized by two anomalies; a heat
flow low in the centre of the plateau and a heat flow high on the
shelf. Modelling results suggest that the background (mantle) heat flow
2for the region is about 45 mW/m .
The new geothermal geohistory analysis, whereby the heat flow 
equation is solved numerically, is a marked improvement on existing 
models that uses analytical methods. However the method still only 
gives a first approximation to the heat flow and temperature levels. 
This is because it is only a one (spatial) dimension analysis and it 
also fails to take into account pore fluid movement other than that 
driven by compaction. The method does however have potential to quatify 
the surface heat flow correction factor due to sedimenation effects.
The surface heat flow over the Exmouth Plateau suggests the 
presence of a large regional natural convection cell. Numerical 
modelling has confirmed that sufficient driving forces exist for 
natural convection and with a suitable permeability field it is 
possible to closely approximate the measured surface heat flow.
The mathematical model is sufficiently general to model heat and 
mass transfer by conduction and convection is the geological 
environment. The equations governing the heat and mass transfer can be 
solved using the finite difference Alternate Direction Implicit method. 
The numerical modelling expands the area where the method is 
applicable. The modelling is able to predict the locality of convective 
cells in sedimentary basins. The comparison between the results from 
linear and non linear analysis show that it is critical to consider the
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latter. The temperature effects of the fluid thermal expansion
coefficient and the viscosity mean that convection can occur where the
16 2permeability is as low as 10 m (0.1 millidarcy). Numerical 
models indicate that it is possible for deep, large scale and vigorous 
pore fluid convection cells to be present without any surface heat flow 
expression. This means that it is possible that convection is wide 
spread in the geological environment, and that other methods need to be 
established to detect these cells.
The fundamental conclusion of this thesis is that in general there 
are driving forces in sedimentary basins for regional natural pore 
fluid convection. The driving forces are due to horizontal temperature 
gradients. These gradients may be established by lateral variations in 
lower crust heat flow, lateral variation in the heat producing elements 
or by lateral variation in rock thermal conductivity. The last option 
is probably the most common, as sedimentary basins by their very nature 
contain rocks of low thermal conductivity and high permeability and are 
surrounded by basement rocks which have a higher thermal conductivity 
and a lower permeability. Numerical analysis indicates that it is 
possible that the convection is in a steady state and that the 
convection cells are self-sustaining.
The modelling indicates that it is necessary to link the 
temperature field with the fluid flow when studying the heat and mass 
transfer in sedimentary basins. Also, palaeo-heat flow determinations 
in the sedimentary basins may be difficult to determine because of the 
complicating effects of heat transfer by pore fluid convection.
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Symbol Description Dimension
c : specific heat capacity [J kg"1 °k "
C : heat capacity [J m'3 °K~1
dz : depth increment
F : Flux [W]
Fo : Fourier Number [ ]
£ : gravitational acceleration vector [m s 2]
k : horizontal permeability [m2]
k : permeability tensor [m2]
K : thermal conductivity s: 3 i 0 w H*
K : thermal conductivity tensor [W m-1 °K~1
Nu : Nusselt number [ ]
P : pressure [Pa]
Pr : Prandtl Number [ 1
Q : heat flow [W m"2]
R : thermal resistivity [m °K W_1]
Ra : Rayleigh number [ ]
*Ra : Modified Rayleigh Number [ ]
Re : Reynolds Number [ ]
S : internal heat production rate [W/m2]
t : time [s]
T : temperature (Kelvin) [°K]
(Celsius) [°C]
: tortuosity [ ]
Ti : temperature at top boundary [°C]
To : temperature at bottom boundary [°C]
U : filtration velocity vector (u,v) [m s 1]
U : macroscopic velocity vector (U,V) [m s 1]
t5
>
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x
X
z
a
8
AC
P
P'
p0
p£
ps
P
u
V>
v
ß
8
d
p
V>
: distance vector (x,z)
: co-ordinate direction 
: ordinate direction
: coefficient of thermal expansion of fluid 
: Kronecker delta 
: thermal diffusivity 
: acceleration parameter 
: acceleration parameter 
: acceleration parameter
: density of fluid at reference temperature 
: density of fluid 
: density of sediment 
: (dynamic) viscosity 
: kinematic viscosity 
: stream function 
: Laplacian operator, div 
: coefficient of compressibility 
: partial derviative 
: finite difference operator 
: dynamic viscosity 
: stream function
[m]
[m]
[m]
-1s ]
[kg m 3] 
[kg m 3] 
[kg m 3] 
[Pa s]
[ ]
[ ]
[/Pa]
[Pa s] 
[m2 s]
Subscripts:f - fluid, s - sediment, pr - probe, z - vertical direction, 
x - horizontal direction, rock, 1 - lithostatic, fluid, 
h - hydrostatic, effective, hd - hydrodynamic, 0, mantle 
P - pressure, V - volume.
** note: There are many other variables defined in the text, 
however as they are only used locally they are not
listed above.
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APPENDIX B
HEAT FLOW DATA REDUCTION FIGURES 
(see Chapter 3 for a discussion on the figure presentation)
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144 154 164
RECORD NUMBER
STATION
TIME SSDODHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
EP01T
53029132000
30.0
LOW
THERMISTOR SEPERATION 0.45 in
LATITUDE
LONGITUDE
19 54.398S 
114 58.145E
WATER DEPTH 1162.0
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 85C 0.00 0.072 4.325
5 130C 0.45 0.191 4.351
4 310C 0.90 0.087 4.386
3 265C 1.35 STNO 4.443
2 355C 1.80 0.060 4.495
1 400C 2.25 0.101 4.526
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.095 C/a 
67.8 nW/a**2 
4.314 C 
130 TO 137 
144 TO 164
EP01K
0.0 -1 1
1.0 - \
£2.0 -
UJ
Q
a
<3.0 -
sJ
CD
4.0 -
\
5.0 , ,
TEMP
TU
RE
APPENDIX B HEAT FLOW DATA REDUCTION .259
STATION EP02T
TIME SSDDDHHMMSS 58029170000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m
LATITUDE 20 03.358S
LONGITUDE 114 50.089E
WATER DEPTH 1149.0 ra
CHAN LABEL DEPTH CALB TEMP 
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 130C 0.00 -0.01Ö1.447
4 310C 0.45 STND 4.495
3 265C 0.90 -0.0891.543
2 355C 1.35 -0.0301.580
1 400C 1.80 0.008 4.610
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.091 C/«i 
65.0 mW/m**2 
4.453 C 
206 TO 210 
221 TO 230
EP01K
TEMP
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5.3
5.2
5.1
5.0
3
4.9 
§4.8 
£4.7 
* 4 .6 ^
4.5
4.4
4.3
STATION EP03T
TIME SSOOOHHMMSS 58029185000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45m 
LATITUDE 20 00.387S
LONGITUOE 114 45.612E
WATER DEPTH 1236.0 m
CHAN LABEL DEPTH CALB TEMP 
8 x#### xxxxx x#x#x x#xx#
130A 0.00 -0.0331.212 
0.45 0.003 4.262175A
220A 0.90
265A
310A
355A
400A
1.35
1.80
2.25
2.70
4.0
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
-0.0474.319 
-0.0031.368 
STND 4.401 
-0.0101.435 
-0.0351.460
0.093 C/m 
65.3 mW/m*#2 
4.225 C 
92 TO 98 
106 TO 127
2.0
E
jE3.0 
£
0.17 1.00
1/time
5.0
TEMP
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A
---REF 1 -- REF 2
STATION
TIME SSOODHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE 
THERMISTOR SEPERATION
EP04T
58029224600 
30.0 
LOW 
0.45 m
JOE 19 53.240S
iUQE 114 34.208E
OEPTH 1276.0 fl
LABEL DEPTH CALB TEMP
XXXXX ***** ***** XXXXX 
* KXKK XXXXX XXXXX XXXXX
85C 0.00 -0.02 4.062
0.106 4.115 
STNO 4.125 
-0.09 4.170 
-0.03 4.218 
0.011 4.241 
[ENT 0.079 C/m
55.6 mW/m*x2 
TÜRE 4.066 C 
E 60 TO 67 
74 TO 95
130C
310C
265C
355C
400C
0.45
0.90
1.35
1.80
2.25
TEMP
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0.0
1.0
2.0
4.0
5.0
5.1 -a
5.0 4
4.9 -i
4.8 -E 
3 :4.7 -=
UJ
*j4.4 ~z 
4.3 -=
4.2 6
4.1
STATION
TIME SSDDOHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE 
THERMISTOR SEPERATION 
LATITUDE 
LONGITUDE 
HATER DEPTH 
CHAN LABEL DEPTH CALB
EP05T
58030005600
30.0 
LOW 
0.45 fl
19 48.483S 
114 28.950E
1328.0 ffl 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 220A 0.00 -0.0473.865
4 265A 0.45 -0.00G.925
3 310A 0.90 STND 4.001
2 355A 1.35 -0.0161.022
1 400A 1.80 -0.0264.067
0.111 C/ffl 
78.5 mW/ii**2 
3.876 C 
50 TO 56 
73 TO 88
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
2.0
£3.0 
ujQ
4.0
0.17
1/time
1.00
5.0
TEMP
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.0
.0
.0
.0
.0
i.O
STATION EP06T
TIME SSDDDHHMMSS 58030052600
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m
LATITUDE 19 42.757S
LONGITUDE 114 19.582E
WATER DEPTH 1353.0 m
CHAN LABEL DEPTH CALB TEMP 
8 ####* ***** ***** *****
7 ##### ##### ##### #####
6 # # # # #  # # # # #  # # # # #  # # # # #
5 ##### ##### ##### #####
4 265A 0.00 STND 3.889
3 310A 0.45 0.002 3.933
2 355A 0.90 -0.01 3.971
1 400A 1.35 -0.02 4.012
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.090 C/m 
72.2 «W/m»#2 
3.891 C 
65 TO 75 
90 TO 105
EP03K
0.0 n
0.6 1.1 3.7 4.2
TEMP
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STATION EP07T
TIME SSDOOHHMMSS 58030072400
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45« 
LATITUDE 19 41.348S
LONGITUDE 114 10.794E
WATER DEPTH 1255.0 m
CHAN LABEL DEPTH CALB TEMP
8 85A 0.00 0.002 3.949
7 130A 0.45 -0.03 4.008
6 175A 0.90 0.007 4.161
5 220A 1.35 -0.05 4.229
4 265A 1.80 STND 4.268
3 310A 2.25 0.000 4.296
2 355A 2.70 -0.02 4.333
1 400A 3.15 -0.02 4.359
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.131 C/m 
66.6 mW/m##2 
3.995 C 
45 TO 53 
58 TO 73
0.0 n
1.0 -
£ 2.0
ÜJo
<3.0
CD
4.0 -
EP03K 5.0
0.6 1.1 3.8 4.3
K TEMP
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0.0
1.0
2.0
4.0
5.0
5.2
5.1
5.0
4.9
3
4.8
UJ
§ 4.7 
£4-e 
£4.5
STATION EP08T
TIME SSDDDHHMMSS 53030082600
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45m 
LATITUDE 19 40.933S
LONGITUDE 114 00.464E
HATER DEPTH 1251.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 130C 0.00 -0.0104.189
4 310C 0.45 STND 4.262
3 265C 0.90 -0.0874.287
2 355C 1.35 -0.0264.326
1 400C 1.80 0.015 4.339
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 -1
0.081 C/n 
64.5 ■W/a«#2 
4.208 C 
105 TO 112 
120 TO 135
1.0
2.0 - 
E
| E 3 . 0  -&□
4.0
5.00.14 1.00
1/time
EP04K
0.0
1.0 -
'2.0 -
<3.0
CD
4.0 -
5.0
0.6 1.1 4.0 4.5TEMP
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5.7
5.6
5.5
5.4
o
5.3
UJ
I5'"
£5.1o.
55.0
4.9 
4.8 -3 
4.7
: I
- ^ i - r ------
* 1 1 1 
0.10
STATION EP09T
TIME SSDDOHHMMSS 53030082600
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45«
LATITU0E 19 33.230S
LONGITUDE 113 53.164E
HATER DEPTH 1139.0 «
CHAN LABEL DEPTH CALB TEMP
8 ###*# ##### ##### *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 310C 0.00 STND 4.529
3 265C 0.45 -0.09 4.551
2 355C 0.90 -0.03 4.575
1 400C 1.35 0.012 4.596
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
0.050 C/«
39.2 «W/m**2 
4.529 C 
66 TO 76 
89 TO 104
2.0
E
£ 3.0
£Q
4.0 -
1.00
5.0 EP04K
1/time 0.6 1.1 TEMP
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STATION EP10T
TIME SSDDDHHMMSS 53030125200
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45 in 
LATITUDE 19 33.469S
LONGITUDE 113 46.973E
WATER OEPTH 1175.0 in
CHAN LABEL DEPTH CALB TEMP
B ***** Ktftttt* ##*## #####
7 ##### ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ##*## ***** ***** *****
3 265C 0.00 0.088 4.399
2 355C 0.45 0.060 4.421
1 400C 0.90 0.100 4.437
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0  *i .
0.043 C/*
33.1 mW/m#«2 
4.400 C 
170 TO 186 
195 TO 210
EP04K
i-00 0.6 1.1
K TEMP
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. 0  -i
.0 -
' .0 -
.0
.0
.0
TEMP
5.8 •
5.7 
5.6 
5.5
3
5.4
tu
§5.3I5'2
55.1
5.0
4.9
4.8
STATION EP11T
TIME SSDDDHHMMSS 53029152400
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m
LATITUDE 19 38.561S
LONGITUDE 113 40.400E
WATER DEPTH 1098.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 265C 0.00 0.089 4.602
2 355C 0.45 0.057 4.613
1 400C 0.90 0.094 4.635
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR' TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0 .
1.0 -
0.037 C/m 
30.9 mW/m**2 
4.600 C 
108 TO 113 
130 TO 150
2.0
E
jE3.0
&Q
4.0 -
0.20 1.00 
1/time
5.0 EP05K
0.6
TEMP
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0.0
1.0 -
2.0
E
fE3.0
UJQ
4.0 H
5.0
4.5
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUOE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP11T
53029152400
30.0 
LOW 
0.45ffi
19 38.561S 
113 40.400E
1098.0 m 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 265C 0.00 0.089 4.602
2 355C 0.45 0.057 4.613
1 400C 0.90 0.094 4.635
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.037 C/m 
30.9 mW/m**2 
4.600 C 
108 TO 113 
130 TO 150
TEMP
EP05K
0.6 1.
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 270
.0
.0
!. 0
.0
.0
STATION
TIME SSODOHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
EP12T
53029132000
30.0
LOW
THERMISTOR SEPERATION 0.45m 
LATITUDE 19 35.278S
LONGITUDE 113 30.780E
HATER DEPTH 947.0 tn
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 85C 0.00 -0.07 5.224
5 130C 0.45 -0.12 5.242
4 310C 0.90 STNO 5.287
3 265C 1.35 -0.09 5.300
2 355C 1.80 -0.07 5.302
1 400C 2.25 -0.16 5.306
2.0
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.038 C/m 
31.8 mW/m**2 
5.234 C 
150 TO 154 
162 TO 177
4.0
5.0
1/time TEMP
TU
R
E
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0.0
1.0
2.0
£ 3 . 0
&
Q
4 .0
5 .0
ccc
U J '
| s
STATION
TIME SSDDOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL DEPTH CALB
EP13T
530302 208 00
3 0 .0  
LOW 
0 .4 5 «
19 2 9 .8 9 4 S  
113 2 1 .2 8 8 E
9 2 2 .0  in 
TEMP
X*XttX xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
310C 0 .0 0  STND 5 .2 6 8
265C
355C
400C
0 .4 5
0 .9 0
1 .3 5
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
- 0 . 0 9  5 .2 8 8  
0 .0 1 2  5 .2 9 9  
- 0 . 0 3  5 .3 1 7
0 .0 3 5  C/«i 
2 9 .2  aW/mxx2 
5 .2 6 9  C 
101 TO 111 
117 TO 127
0.10 1.00 
1/time
.3  -q 0 . 0  -1 0 . 0  -|
.2  4
■
•
. 1 -E 1 .0  - • 1 .0  -
.0 ••
.9  4 2 . 0  -
•
•
•
£ 2 . 0  - 
UJ
.8
■ Q
E ■• Q
• 7 4 £ 3 . 0  - • < 3 . 0  -J
6 — § •
_ : mjl. »__
•
.5  - 4 . 0  - 4 . 0  -
.4  -E
EP09K 
--1---1---1---1--.3  - ■III | 5 . 0  - 5 . 0  - —i—i—r~i—
0.6 1.1 5 .1  5 .6
TEMP
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£
Hj
J-H
0.0
1.0
2.0
^ 3.0
&Q
4.0
5.0
6.3 -q
6.2 -j
6.1 -j
6.0 -=j :
5.9 -= 
§5.8 -3
55.6
5.5 
5.4 H 
5.3
STATION EP14T
TIME SSDDDHHMMSS 53030232400
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45 a 
LATITUDE 19 24.639S
LONGITUDE 113 13.896E
WATER DEPTH 980.0 a
CHAN LABEL DEPTH CALB TEMP
8 ##### ##*## ##### **tf*X
7 x##x# xxxxx xxxxx xxxxx
6 xxxxx 0.00 xxxxx xxxxx
5 130C xxxxx 0.072 4.971
4 310C 0.45 STND 4.983
3 265C 0.90 0.085 4.993
2 355C 1.35 0.057 5.003
1 400C 1.80 0.097 5.017
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 -i
0.025 C/a 
20.6 aW/a##2 
4.971C 
59 TO 62 
69 TO 86
1.0  -
2.0
fE3.0 -
5Q
4.0 -
0.33 1.00
i/time
5.0 EP09K
0.0
1. 0 -
£ 2.0LÜQ
33.0 -
CD
4.0 -
5.0
0.6 1.1 4.8TEMP 5.3
TU
RE
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80 100 110 120 
RECORD NUMBER
130 140 
5.2 -q 
5.1 4 
5.0 3 
4.9
j
4.8-3 
§4.7 3l4H54.5 3
150
4.4 - 
4.3 3 
4.2
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE 
THERMISTOR SEPERATION 
LATITUDE 
LONGITUDE 
HATER DEPTH 
CHAN LABEL DEPTH CALB
EP15T
53031024900
30.0 
LOW 
0.45 b
19 19.908S 
113 06.443E
1266.0 B 
TEMP
8 # # # # #  Mtttffftt # # # # #  # # # # #
7 ***** K*K*K ##### #####
6 # # # # # 0.00 # # # # # # # # # #
5 130C 0.45 0.070 4.107
4 310C 0.90 STND 4.144
3 265C 1.35 0.085 4.175
2 355C 1.80 0.059 4.203
1 ##### 2.25 ##### #####
0.071 C/b 
56.9 bW/b##2 
4.078 C 
90 TO 98 
111 TO 130
# 2.25 
TEMPERATURE GRAOIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 i
1.0  -
2.0  -
fE3.0 -5Q
4.0 -
5.0
0.13 1.00
1/tiBe
:
EP06K
0.0
0.6 1.1 4.0 4.5
TEMP
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STATION EP16T
TIME SSODDHHMMSS 53031063300
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m
LATITUDE 19 14.518S
LONGITUDE 112 59.207E
WATER DEPTH 1490.0 in
CHAN LABEL DEPTH CALB TEMP
8 KttKK* ttKttft* ##### *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 265C 0.00 0.085 3.393
2 355B 0.45 0.091 3.432
1 400B 0.90 0.093 3.468
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
•
0.083 C/m 
68.3 mW/m**2 
3.394 C 
56 TO 63 
69 TO 84
EP06K
0.6 1.
TEMP
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4.2 - 
4.1 -= 
4.0 4 
3.9 -I
j :
3.8 -=
|3-7i
£3.6  ^
£3.5 -j
STATION EP17T
TIME SSDDOHHMMSS 53031091900
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m
LATITUDE 19 07.716S
LONGITUDE 112 51.266E
HATER DEPTH 1671.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** #*### ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 265C 0.00 0.087 2.838
2 355C 0.45 0.136 2.875
1 400C 0.90 0.137 2.894
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0 -
0.062 C/m 
46.2 mW/m**2 
2.841 C 
63 TO 73 
83 TO 98
2.0 -I
E
{E3.0 -
£Q
4.0 -
5.0
0.10 1. 
1/time
EP07K
TEMP
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STATION EP18T
TIME SSDDDHHMMSS 53031121100
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m
LATITUDE 19 04.013S
LONGITUDE 112 44.443E
WATER DEPTH 2000.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 265C 0.00 0.084 2.378
2 3558 0.45 0.094 2.403
1 400B 0.90 0.094 2.432
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.060 C/fi 
45.2 mW/m**2 
2.377 C 
58 TO 68 
81 TO 91
EP07K
0.0 -I
TEMP
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0.0
l . o
2.0
^E3.0&Q
4.0
5.0
STATION
TIME SSODOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP19T
53031185700
30.0 
LOW 
0.45 m
18 53.330S 
112 37.557E
2257.0 n 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 310A 0.00 -0.02 2.212
2 355A 0.45 0.000 2.237
1 400A 0.90 -0.02 2.250
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.041 C/«i 
33.2 «W/m**2 
2.214 C 
88 TO 98 
116 TO 126
TEMP
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3-1 1
3.0 4
2.9 4
2.8 4 a : 
2.7 -=
£32.6 -
£2.5 4M
2.3 -=
2.2 4
2.1
STATION
TIME SSDODHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
EP19BT
53032022200
30.0
LOW
THERMISTOR SEPERATION 0.45ffl
LATITUDE 
LONGITUDE 
WATER DEPTH
18 53.272S 
112 36.975E 
2223.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 85C 0.00 0.009 2.206
5 130C 0.45 0.008 2.217
4 310C 0.90 STND 2.282
3 265C 1.35 -0.01 2.304
2 355B 1.80 -0.08 2.309
1 400B 2.25 0.012 2.320
0.055 C/m 
44.0 mW/m**2 
2.211 C 
66 TO 76 
92 TO 107
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 i
1. 0 -
2.0
E
jE3.0 -
£
4.0 *
TT I------10 1.00 
1/time
5.0 EPbßK
TEMP
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0.0
1.0
2.0
4.0
3.1
3.0
2.9
2.8j
2.7
uj
§2.6 
jj.2.5-3 
52.4 
2.3
2.2
2.1
STATION EP20T
TIME SSOODHHMMSS 53031211300
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45b 
LATITUDE 18 53.148S
LONGITUDE 112 32.043E
WATER DEPTH 2220.0 B
CHAN LABEL DEPTH CALB TEMP
nl----------,,
8 KKKKK ##### KKKKtt #####
7 ####* ##### ##### #####
6 85C 0.00 0.069 2.125
5 130C 0.45 0.096 2.155
4 310C 0.90 STND 2.134
3 265C 1.35 0.081 2.140
2 355B 1.80 0.089 2.122
1 400B 2.25 0.090 2.141
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 n
-0.001C/B 
-0.5 b W/b #*2 
2.137 C 
86 TO 96 
109 TO 119
1.0 -
2.0 -
E
fE3.0 -
uj □
4.0 -
5.0 EPtlBK
0.0
1. 0 -
12.0 -
<3.0
CQ
4.0
5.0
0*10 i-00 0.6 1.1 2.0 2.5
1/time K TEMP
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0.0
1.0
2.0
E
pE3.0
uj o
4.0
5.0
3.1 -q
3.0
2.9
2.8j :
2.7
|2.6-3
u]2.5^ 
£2.4 i 
2.3
2.2
2.1
STATION
TIME SSDODHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
EP21T
53031321100
30.0
LOW
THERMISTOR SEPERATION 0.45m
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL DEPTH CALB
■HIT0.10
18 52.573S 
112 27.902E 
2218.0 a 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 85C 0.00 0.073 2.110
5 130C 0.45 0.099 2.128
4 310C 0.90 STND 2.117
3 265C 1.35 0.079 2.115
2 355B 1.80 0.089 2.114
1 400B 2.25 0.088 2.131
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
0.004 C/a 
3.2 aW/a**2
2.115 C 
62 TO 72 
86 TO 96
1.0 -
2.0 -
jE3.0 -
&Q
4.0
5.0 EPtlBK
1.00
0.0 n
1.0 -
'2.0 -
2*3.0
CD
4.0 -
5.0
1/time 0.6 1.1 2.0TEMP 2.5
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0.0
1.0
2.0
4.0
5.0
6.4 -q 
6.3 -=
6.2 -j
6. 1 -= 
3 :
6.0|5.9|
i5Bl-
55.7 -=
5.6 -3
5.5
5.4
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP22T
53032104300
30.0 
LOW 
0.45«
19 32.080S 
113 12.729E
935.0 m 
TEMP
8 ##### ***** ***** *****
7 ***** ***** ***** *****
6 85C 0.00 -0.03 5.175
5 130C 0.45 -0.10 5.221
4 310C 0.90 STNO 5.227
3 265C 1.35 -0.02 5.241
2 355B 1.80 -0.01 5.254
1 400B 2.25 -0.00 5.273
0.038 C/m 
30.9 ■W/b **2 
5.189 C 
56 TO 63 
69 TO 84
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
1.0
2.0
£
fE3.05
Q
4.0
5.0
0.14 1.1
1/time TEMP
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STATION EP23T
TIME SSDDDHHMMSS 53032124900
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45«
LATITUDE 19 38.015S
LONGITUDE 113 09.298E
WATER DEPTH 940.0 a
CHAN LABEL DEPTH CALB TEMP
8 K**KK ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 265A 0.00 -0.00 5.112
3 ***** 0.45 ***** *****
2 355A 0.90 -0.02 5.171
1 400A 1.35 -0.03 5.208
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.070 C/a 
56.4 aW/a**2 
5.111 C 
60 TO 70 
75 TO 85
TEMP
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0.0 n
TEMP
6.6 -a
6.5 4
6.4 4
6.3 -i 
3 :
6.2 -=
I 6-1 4Je.o^
uj5.9 -i
5.6 4
5.7 4 
5.6
STATION EP24T
TIME SSODDHHMMSS 53032144300
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m 
LATITUDE 19 43.988S
LONGITUDE 113 05.523E
WATER OEPTH 952.0 m
CHAN LABEL OEPTH CALB TEMP
8 ****** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 265C 0.00 0.092 5.050
2 355B 0.45 0.099 5.070
1 400B 0.90 0.086 5.107
TEMPERATURE GRADIENT 0.062 C/m 
HEAT FLOW 51.4 mW/m**2
SEAFLOOR TEMPERATURE 5*.048 C 
CALIBRATION RANGE 48 TO 58 
GRADIENT RANGE 67 TO 82
1. 0
2.0
4.0
5.010 1 
1/time TEMP
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6.7 -q
6.6 -ü
6.5 -f 
6.4 4
3 Z
6.3 -=
| 6'21 
g e . i  i  
56.0 ■=
5.9 - 
5.8 4 
5.7
STATION
TIME SSDDOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP25T
53032164700
30.0 
LOW 
0.45 m
19 49.974S 
113 02.074E
947.0 m 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 ***** ***** ***** *****
2 355B 0.00 0.086 5.109
1 400B 0.45 0.090 5.143
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0 -
0.075 C/si 
60.7 ffiW/m**2 
5.109 C 
49 TO 58 
84 TO 90
2.0 -
E
j E 3 . 0  -
&Q
4.0
0.11 1.00 
1/time
5.0 EP09K
0.6 1.1
TEMP
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£
«NOTE:
0.0 1 \ 5.3 -q
1.0 - \ 5.2 -j
\ o  *:
2.0 - \ s5-1!
DE
PT
H 
m 
to o
' |5-°i £ { ‘
4.0 - 4.9 -i"
5.0 - 4.8 --
STATION
TIME SSDOOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP26T
53032191500
30.0 
LOW 
0.45 m
19 59.333S 
112 56.109E
943.0 fl 
TEMP
8 ##### ««««« K # # # #  # « # # #
7 ##### ***** ***** «««««
6 ««««« ««««« ««««« «««««
5 ##### ««««« ««««« «««««
4 310C 0.00 STNO 4.903
3 265C 0.45 0.083 4.967
2 355B 0.90 0.083 5.031
1 400B 1.35 0.085 5.067
4.8 5.3TEMP
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0 -
0.123 C/m 
102.7 mW/m##2 
4.909 C 
56 TO 66 
75 TO 85
2.0 -
.0 -
4.0 -
5.0
F (ALPHA. TAU)
0.10 1.00 
1/time
EP10K
0.6 1.1 5.3TEMP
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DN EP27T
3SDDDHHMMSS 53032317000
E INTERVAL SEC 30.0 
FUTURE RANGE LOW 
ISTOR SEPERATION 0.45a 
UDE 20 05.333S
TUOE 112 52.082E
DEPTH 909.0 a
LABEL OEPTH CALB TEMP 
***** ***** ***** *****
********** ***** *****
***** ***** ***** *****
***** ***** ***** *****
***** ***** ***** *****
***** ***** ***** *****
355B 0.00 0.090 5.200 
400B 0.45 0.093 5.254 
FRATURE GRADIENT 0.121 C/m 
FLOW 98.0 aW/m**2
.OOR TEMPERATURE 5.200 C 
JRATION RANGE 45 TO 51 
[ENT RANGE 62 TO 72
0.0
EP10K
0.6 1.1 5.5TEMP
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0.0
1.0
2.0
fE3.0
5Q
4.0
5.0
6.3 q
6.2
6.1 -j
6.0 
3 :
5.9 -m
£^ 5.8 -  
£5.7^ 
55.6 
5.5 -=
5.4 -I 
5.3
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER OEPTH
CHAN LABEL DEPTH CALB
EP28T
53033013800
30.0 
LOW 
0.45 m
20 11.990S 
112 47.851E
848.0 m 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 265C 0.00 0.086 5.168
2 355B 0.45 0.091 5.243
1 400B 0.90 0.098 5.368
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 -I
0.222 C/m 
183.7 mW/m**2 
5.160 C 
39 TO 49 
55 TO 65
1. 0 -
2.0 H
E
jE3.0 -
UJ Q
4.0 -
5.0o.io l.oo o 6
1/time
EP10K
0.0 n
1.0 -
^ 2.0
UJQ
<3.0 -
CD
4.0 -
5.0
1.1 5.0
TEMP
5.5
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STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
WATER OEPTH
CHAN LABEL DEPTH CALB
EP29T
53033040000
30.0 
LOW 
0.45 m
20 17.30OS 
112 44.152E
852.0 a 
TEMP
i|iii I ii 11ijititiin rp
70 80 90
RECORD NUMBER
XK**K XXXXX X*XX# XXXXX 
XXXXX XXXXX XXXXX XXXXX
85C 0.00 0.100 5.202
130C 0.45 0.070 5.219 
310C 0.90 STND 5.247 
265C 1.35 0.083 5.255 
355B 1.80 0.086 5.292 
XXXXX XXXXX
0.048 C/a 
40.2 BW/BXX2 
5.200 C 
40 TO 50 
55 TO 65
1 XXXXX 2.25 
TEMPERATURE 6RADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
1.0
2.0 -
£3.0
£Q
4.0 -
5.0
5.6 -
5.5 -
g 5 .4 
r>
£5.3
£
t-
5.2
-X X1"'#1-" - al
-----— ----- ---
5.1
5.1 5.6
TEMP
0 .
6.2 - 0.0 -J • 0.0 -
\
6.1 -= ••
6.0 -= 1.0 - ■• 1.0 -
5.9 ~ •■
0  - • i
5.0 ~ 
£  :
2.0 - •• £ 2 . 0  - UJ0
^  1 
£5.6 -I
c
£3.0 -
•
■
•
0
§3.0 -
%£ 5 . 5 - &Q ■•
■
CD
5.4-: ---- 4.0 4.0
5.3-i
5.0
0 0  o
EP11K 5.0
.1 5
,15.2 - 
.10 0
11 I""!-----
.10 1. .6 1 .1 5.
F (ALPHA. TAU) 1/time TEMP
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rTTTTTTTTTTTTTTTTTTTTT 
60 70 BO
RECORD NUMBER
1.0  -
2.0 1 
E
£ 3.0
ujQ
4.0 A
5.0
5.6 -q
5.5 4
o ~
£ 5-4 ! 
£ :£5.34
u j(— ~
i i i i^WI* T  ~f-----
5.2 4
. 1 5 6 °- 30 ' 0.
STATION EP30T
TIME SSDDDHHMMSS 53033061600
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45m 
LATITUDE 20 23.914S
LONGITUDE 112 39.968E
WATER DEPTH 875.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 85C 0.00 0.070 5.300
5 130C 0.45 0.107 5.302
4 310C 0.90 STND 5.302
3 265C 1.35 0.086 5.297
2 ***** 1.80 ***** *****
1 ***** 2.25 ***** *****
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
-0.002C/m 
-1.7 mW/m##2 
5.302 C 
41 TO 51 
60 TO 70
0.0 -| •
•
0.0 -j
1.0 -
•■
m
m
1.0 -
2.0 -
m
m
m £2.0 -
m Q
: 
a
i
--
--
--
DE
PT
H 
m
J*. 
CO
o 
o
1 
_ J
__
m
••■
■•
■
Q
<3.0 -
CQ
4.0 -
- 5.0 EP11K -1-1-1-1- 5.0
1.00
TEMP F (ALPHA. TAU) 1/time
0.6 1.1 5.1
TEMP
5.6
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0.0 -i
1.0 -
2.0 1
E
f3.0 -&Q
4.0 A
5.0
4.9
STATION EP31T
TIME SSDDDHHMMSS 53033092500
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.45m
LATITUDE 20 29.887S
LONGITUDE 112 34.647E
WATER DEPTH 953.0 fl
CHAN LABEL DEPTH CALB TEMP 
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 ***** ***** ***** *****
2 355A 0.00 0.072 5.088
1 400A 0.45 0.062 5.124
TEMP
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
:
0.081 C/m 
65.1 «W/m**2 
5.088 C 
52 TO 62 
74 TO 84
EP11K
0.0 i
1.0 -
'2.0 -
<3.0
dCD
4.0
5.0
TEMP
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STATION EP32T
TIME SSODDHHMMSS 53033112600
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45m 
LATITUDE 20 35.408S
LONGITUDE 112 31.515E
HATER DEPTH 1103.0 m
CHAN LABEL DEPTH CALB TEMP
8 KttKtttf #*### ##### *****
7 ***** ##### ##### #####
6 85C 0.00 0.110 4.572
5 130C 0.45 0.066 4.670
4 310C 0.90 STNO 4.737
3 265C 1.35 0.086 4.745
2 355A 1.80 0.074 4.751
1 400A 2.25 0.071 4.772
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
0  -
0.079 C/m 
66.7 mW/m##2 
4.619 C 
90 TO 99 
105 TO 115
EP11K
6 1.1
K TEMP
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5.5 -q
5.4
5.3 4
5.2 -j o
5.1 -3|s.0|
l4-9i
*4.8 -E
4.7
4.6
4.5
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
KKKKK ##### ***** 
***** ***** ***** 
# # # # # 0.00 # # # # #  
#####0.45 ##### 
##### 0.90 ##### 
##### 1.35 ##### 
355A 1.80 0.072 
400A 2.25 0.066 
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 n
1.0 -
EP33T
53033132400
30.0 
LOW 
0.45 m
20 42.373S 
112 26.911E
1264.0 m 
TEMP 
#####
# # # # #
# # # # #
# # # # #
# # # # #
# # # # #
4.126 
4.153 
0.061 C/m 
50.7 mW/m##2 
4.016 C
53 TO 60 
68 TO 78
.14 1
1/time
2.0
E
jE3.0 -
&o
4.0 -
5.0 EP11K
TEMP
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STATION
TIME SSDDOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP34T
53033153900
30.0 
LOW 
0.45 in
20 40.O4OS 
112 23.857E
1426.0 0 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
B ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 ***** ***** ***** *****
2 355A 0.00 0.072 3.489
1 400A 0.45 0.067 3.512
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.051 C/«i 
42.3 aW/n**2 
3.489 C 
60 TO 70 
82 TO 92
TEMP
TU
RE
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0.0 i
1.0
2.0 - 
E
;E3.0
&o
4.0 -
5.0
70 
3.8 -q
3.7 4
u j 3 . 6  —
I
£3.5 ^  
3.4
80 90 100 110
RECORD NUMBER
120
3.3
3.3 3.8
TEMP
0.
130 140
4.5 -a
4.4-;
4.3
4.2 -=
> :
4.1
UJ
J4.0^
£3.9 i
33.8 -Ifc-* — ■-i 
3.7
3.6 4 
3.5
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
EP35T
53033175700
30.0
LOW
THERMISTOR SEPERATI0N 0.45m 
LATITUDE 20 53.249S
LONGITUDE 112 20.263E
WATER DEPTH 1427.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** XX### ##### #####
7 xxxxx xx#x# ##### #####
6 85C 0.00 0.076 3.412
5 130C 0.45 0.103 3.435
4 310C 0.90 STND 3.452
3 265C 1.35 0.082 3.512
2 355A 1.80 0.064 3.535
1 400A 2.25 0.052 3.547
0.066 C/Bl 
54.1 mW/m##2 
3.408 C 
70 TO 79 
91 TO 101
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 i
1.0 -
2.0
jE3.0 -
S]o
4.0 -
F (ALPHA. TAU)
0.11 1.00 
1/time
5.0 EP12K
0.6 1.
TEMP
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0.0 n
1.0 -
2.0 - 
E
=3.0&o
4.0 -
5.0
2.9 3.TEMP
STATION
TIME SSDODHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUOE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP36T
53033215800
30.0 
LOW 
0.45 m
21 01.206S 
112 15.781E
1541.0 m 
TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 85C 0.00 0.072 3.011
5 130C 0.45 0.105 3.027
4 310C 0.90 STND 3.090
3 265C 1.35 0.086 3.183
2 355A 1.80 0.071 3.215
1 400A 2.25 0.061 3.241
TEMPERATURE 6RA0IENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.115 C/m 
94.4 mW/m**2 
2.999 C 
67 TO 77 
88 TO 98
EP12K
0.6 1. TEMP
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3
2
£  ,
£  1
Q
0
45
30
5 15
0
------REF 1 •— REF 2
□:5
UJ
s
20 -
15 -
10 -
5 -
-T ILT  X — TILT Y
• v '— \ / ' V - v - -------
1^.
♦»NOTE:
T T j n
30
INCREMENTAL OFFSET OF 0 .5  C FROM CH
------CH
------CH
— -CH 
— -CH 
—  ■-CH 
— -CH
----- CH
:h
111111111111 i i  I m  m  11111
60 70 80 90
RECORO NUMBER
0.0 4.2 q
1.0 - 4.1
o  1
2.0 - 
E
pE3.0 - 
§
uj4 .0 —
1  J
£  =
gj3.9
^  i w r r T r ^ r — -----------
4.0 - 3 .8  4
3 7 4 2 ° - d o .................................. ......  ' ’ 0.
100
5.1 q
5.0 4
4 .9  -j
4 .8  -= 
o  : 
4 .7  -=
l<.6 i
rrqm
110
8
7
6
5
4
3
2
1
TTTTI
a!
u]4
5 -E
4
4.3  
4.2 -z 
4.1
STATION EP37T
TIME SSODOHHMMSS 53034002600
SAMPLE INTERVAL SEC 3 0 .0  
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATI0N 0 .4 5m  
LATITUOE 20 59.632S
LONGITUDE 112 04.462E
WATER DEPTH 1270.0  m
CHAN LABEL DEPTH CALB TEMP
8 ttKKtttf ##### ##### XXKKK
7 * * * * *  * * * * *  * * * * *  * * * * *
6 85C 0 .0 0 0 .0 6 9  3 .8 5 2
5 * * * * *  0 .4 5 * * * * *  * * * * *
4 310C 0 .9 0 STND 3 .8 5 3
3 265C 1 .3 5 0 .0 8 6  3 .8 5 8
2 355A 1.80 0 .0 7 2  3 .8 7 0
1 400A 2 .2 5 0 .0 6 3  3 .8 6 5
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
0 .0 0 8  C/m 
6 .3  mW/m##2
3 .8 5 0  C 
48 TO 58 
63 TO 73
1.0  -
2.0  -
jE3.0
uj□
4 .0
TEMP F (ALPHA. TAU)
.10 1.00 
1/time
5 .0
EP12K
0.0 n
1.0 -
f 20.4 •tu
a
<3.
j
0 -
4.0 -
5 .0
0.6 1.1 3 .7
TEMP
4 .2
APPENDIX B HEAT FLOW DATA REDUCTION 297
0.0
1.0
2.0
3.0
4.0
5.0
STATION EP30T
TIME SSDDDHHMMSS 53034023300
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.45m 
LATITUDE 21 05.360S
LONGITUDE 112 00.486E
HATER DEPTH 1780.0 m
CHAN LABEL DEPTH CALB TEMP
8 X X X X X  x x x x x  x x x x x  x x x x x
7 x x x x x X X X X X  x x x x x  xxx xx
6 85C 0.00 0.074 2.736
5 130C 0.45 0.088 2.735
4 310C 0.90 STND 2.737
3 265C 1.35 0.086 2.735
2 355A 1.80 0.072 2.735
1 400A 2.25 0.063 2.735
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
-0.00 E/m 
-0.5 mW/m##2 
2.736 C 
65 TO 75 
80 TO 90
0.0 n
1.0 -
£ 2.0
LUO
<3.0
m
4.0 -
EP12K 5.0
0.6 1.1 2.6 3.1TEMP
TU
RE
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2.0 -q
1.9 4
1.8 4
1.7 4o
1.6 ~
£g1-5!
£1.4 4
£ 1 .3 - :  
1.2 -=
1.1 -z
1.0 W T T
0.10
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE 
THERMISTOR SEPERATION 
LATITUDE 
LONGITUDE 
WATER DEPTH 
CHAN LABEL DEPTH CALB
8 ***** ***** *****
7 ***** ***** *****
6 85C 0.00 0.007
5 130C 0.45 0.140
4 310C 0.90 STND
3 265C 1.35 0.027
2 355A 1.80 0.009
1 400A 2.25 0.009
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
EP39T
53034092300
30.0 
LOW 
0.45 III
21 40.247S 
111 38.711E
5053.0 m 
TEMP 
*****
*****
1.250 
1.261 
1.282 
1.304 
1.330 
1.373 
0.053 C/m
44.0 mW/m**2 
1.240 C
136 TO 146 
167 TO 177
2.0
_______ jE3.0
£
4.0
1.00
5.0
1/time TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 299
3 i 
2
t  ± ,
S * 'Q
0
45
30
3 15 
0
20 -
-- REF 1 •— REF 2
15 -
10 -
UJ
£ - ,*- 5 -
0
0.0
1.0 -
2.0 -
4.0
5.0
-TILT X — TILT Y
»NOTE; INCREMENTAL OFFSET OF 0.5 C FROM CH 1
-- CH
-- CH
--CH
— -CH 
— ■-CH 
— -CH
--CH-- CH
TTjn
70
TTn
80
[ r T T T j M r T T T ( T T | M l M I ! M j r i  
100 110 120 
RECORD NUMBER
130 140
rrrjrn
150
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUOE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
EP40T
56125093000
30.0 
LOW
0.45 m 
19 35.500S 
113 32.200E
1100.0 m
TEMP
8 K#KK# ***** ##### #*###
7 ***** ***** ***** *****
6 ###*# ***** ***** *****
5 ***** ***** ***** *****
4 265A 0.00 STNO 5.153
3 310A 0.45 0.003 5.158
2 355A 0.90 -0.01 5.168
1 400A 1.35 -0.02 5.184
TEMPERATURE 6RADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.023 C/B 
19.2 ■W/m**2 
5.150 C 
61 TO 71 
88 TO 98
i.O 5.5
TEMP
0.
5.5 q 6.0 q 0.0 1 ■ 0.0
-Ü 5.9 -E
5.4 -E 5.8 4 1.0 - 1.0 -
0 ~ 
uj5.3 -
1  i2  : 0^ 5.2 -3
5.7 -E 
cj :5.6 -E 
§5.5 4 
£5.4-3
2.0 - 
E
J3.0 -
• £2.0 - UJ
0
a
<3.0 -
1  1  
5 1 —
1  : £5.3 ~
5 2-
s
1 4 0-
•■ CD4 0-
i 5.0 J
5.1 -E 
5.0 3 ■U I 1 1 5.0 EP05K 5.0 r*T— 1—
F (ALPHA. TAU) 1/time 0.6 1.1 5.0TEMP 5.5
APPENDIX B HEAT FLOW DATA REDUCTION .300
5.2
5.1 -= 
5.0 -j 
4.9 -j
3 -
4.8 ■=
£14‘71
£4.6
54.5 ^
4.4 4
4.3
4.2
STATION FR01T
TIME SSDDOHHMMSS 06104205500
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40 a
LATITUDE 19 48.390S
LONGITUDE 115 03.040E
WATER DEPTH 1186.0 m
CHAN LABEL DEPTH CALB TEMP
8 KK**K KKttKtf X#### XXXXX
7 130B 0.00 -0.1294.907
6 175A 0.40 -0.6374.971
5 220A 0.80 0.124 5.020
4 265A 1.20 STND 5.061
3 310A 1.60 -0.44$.094
2 355B 2.00 -0.55$. 129
1 xxxxx 2.40 xxxxx xxxxx
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
0.108 C/a 
77.5 *W/mxx2 
4.922 C 
70 TO 79 
94 TO 104
2.0
£o
o. l i  l. 
1/time
4.0
5.0
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION _301
0.0
1 . 0  -
2.0  -  
E
jE3.0
&Q
4 .0  -
5 .0
4 .8  5 .
TEMP
5.2 -q
5.1 4 
5.0 -j 
4.9 ~
j  :
4.8 -= 
1 4 -7 1  
I 4 -6
54.5  — 
4 . 4 - ;
4.3 -=
4.2
I  - - w ----------- <
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL OEPTH CALB
FR02T
061042 328 00
3 0 .0  
LOW 
0 .4 0  n
19 5 4 .4 6 0 S  
114 5 8 .1 7 0 E
1 1 6 5 .0  in 
TEMP
8 #####  * * * * *  * * * * *  * * * * *
7 130B 0 .0 0  -0 .1 2 4 4 .9 4 8
6 175A 0 .4 0  -0 .6 2 6 5 .0 0 4
5 220A 0 .8 0  0 .1 2 7  5 .0 5 6
4 310A 1 .2 0  STND 5 .0 9 2
3 265A 1 .6 0  -0 .4 4 9 5 .1 2 0
2 355B 2 .0 0  -0 .5 5 6 5 .1 4 8
1 * * * * * 2 . 4 0  * * * * * * * * * *
0 .0 9 9  C/m 
7 0 .7  mW/m**2 
4 .9 6 3  C 
103 TO 110 
116 TO 126
 2 .4 0
TEMPERATURE GRAOIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
2.0
jE 3 .0
LU
Q
4 .0  -
0 .1 4  1 .0 0
1/time
5 .0
EP01K
0.0
1.0
£ 2.0
tu
Q
< 3 . 0  -
CD
4.0 -
5.0
0.6 1.1 4 .8
TEMP
5.3
APPENDIX B HEAT FLOW DATA REDUCTION 302
STATION FR03T
TIME SSODDHHMMSS 06105035600
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40m 
LATITUOE 19 31.310S
LONGITUDE 114 42.160E
WATER DEPTH 1458.0 m
CHAN LABEL DEPTH CALB TEMP
8 XXKKX xxxxx xxxxx xxxxx
7 130B 0.00 -0.2044.213
6 175A 0.40 -0.7031.229
5 220A 0.80 0.061 4.263
4 265A 1.20 STNO 4.290
3 310A 1.60 -0.5774.317
2 355B 2.00 -0.6144.347
1 xxxxx 2.40 xxxxx xxxxx
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.068 C/m 
54.7 mW/m#*2 
4.208 C 
140 TO 143 
147 TO 162
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 303
4.8 -a
4.7 
4.6 
4.5
}
4.4
UJ
g4.3
£4.2
£4.1
4.0
3.9 -3
3.8
• ~ m ---- 1 Q
STATION FR04T
TIME SSODDHHMMSS 06105082000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40m 
LATITUDE 19 07.290S
LONGITUDE 114 08.830E
WATER DEPTH 1312.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 130B 0.00 -0.2041.588
6 175A 0.40 -0.7001.613
5 220A 0.80 0.060 4.656
4 265A 1.20 STND 4.692
3 310A 1.60 -0.5831.726
2 355B 2.00 -0.6191.767
1 ***** 2.40 ***** *****
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
0.091 C/m 
66.2 mW/m##2 
4.583 C 
78 TO 82 
88 TO 110
1.0 -
2.0 H
e
jE3.0 -
£
4.0 -
0.25 1.00
1/time
5.0 FR02K
0.0 n
1.0 J
£ 2.0
UJo
<3.0
m
4.0 H
5.0
0.6 1.1 4.4 4.9TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 304
STATION
TIME SSDODHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR05T
06105130700
30.0
LOW
THERMISTOR SEPERATION 0.40m
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL DEPTH CALB
18 58.060S 
113 52.990E 
13B6.0 m 
TEMP
8 ***** 0.00 ***** *****
7 130B 0.40 -0.20 4.285
6 175A 0.80 0.061 4.317
5 220A 1.20 -0.72 4.358
4 265A 1.60 STND 4.401
3 310A 2.00 -0.58 4.444
2 355B 2.40 -0.62 4.477
1 ««NNK 2.80 ***** *****
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0  1
0.099 C/m 
72.9 mW/m##2 
4.242 C 
106 TO 117 
128 TO 150
FR02K
0.0
1.0
£ 2-0
ÜJo
<3.0
CD
4.0 -
5.0
0.6 1.1 4.1TEMP 4.6
APPENDIX B HEAT FLOW DATA REDUCTION 305
4.3 q
4.2 -= 
4.1 
4.0 -z
j :
3.9 -=
£53.8 -I3-7 i
m3.6 4 
3.5 4
3.4
3.3
STATION
TIME SSOOOHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE 
THERMISTOR SEPERATION 
LATITUOE 
LONGITUDE 
WATER DEPTH 
CHAN LABEL DEPTH CALB
FR06T
06105160000
30.0 
LOW 
0.40 in
18 50.670S 
113 40.570E
1425.0 fl 
TEMP
8 XXXXX XXXXX XXXKK xxxxx
7 130B XXXXX 0.061 4.215
6 xxxxx 0.00 xxxxx xxxxx
5 220A 0.40 -0.72 4.235
4 265A 0.80 STND 4.253
3 310A 1.20 -0.58 4.283
2 355B 1.60 -0.62 4.308
1 xxxxx 2.00 xxxxx xxxxx
0.063 C/b 
48.8 tnW/mxx2 
4.207 C 
167 TO 171 
175 TO 190
x 2.00 
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0 -
2.0
£
fE3.0 -
uj o
4.0 -
0.25 1.
1/time
5.0 FR03K
0.6 1 . TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 306
STATION FR07T
TIME SSDDDHHMMSS 06105203000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40»
LATITUDE 18 42.570S
LONGITUOE 113 27.860E
WATER DEPTH 1348.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ttXttfttf xx##x
7 130B 0.00 -0.2034.380
6 175A 0.40 0.062 4.395
5 220A 0.80 -0.7191.405
4 265A 1.20 STND 4.440
3 310A 1.60 -0.5814.488
2 355B 2.00 -0.6191.532
1 #*###2.40 xxx#x xxxx#
0.077 C/m 
59.4 mW/m#*2 
4.363 C 
127 TO 138 
143 TO 162
«ttXtttt 2
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 307
STATION FR08T
TIME SSDODHHMMSS 06106000050
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40 tr 
LATITUDE 19 02.020S
LONGITUDE 113 21.230E
WATER DEPTH 1152.0 m
CHAN LABEL DEPTH CALB TEMP
8 85C 0.00 -0.7935.165
7 130C 0.40 -0.5865.168
6 220B 0.80 -0.59$. 234
5 220C 1.20 -0.756.254
4 ftttfttftf 1.60 ##### #####
3 310B 2.00 -0.79$. 280
2 355C 2.40 -0.40$.301
1 400C 2.80 -0.802.327
TEMPERATURE GRAOIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.050 C/*
45.8 «W/m##2 
5.160 C 
87 TO 96 
105 TO 125
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 308
.0
.0
.0
.0
5.7 ■
5.6 ■ 
5.5 • 
5.4
CJ
5.3
UJ
§5.2 
^ 5 1 
£5.0 
4.9
4.8
4.7
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR09T
06106035000
30.0
LOW
THERMISTOR SEPERATION 0.40m
LATITUDE
LONGITUDE
19 07.310S 
113 29.240E
HATER DEPTH 1048.0 fl
CHAN LABEL DEPTH CALB TEMP
8 85C 0.00 ~0.70fi.414
7 130C 0.40 ~0.46fi.423
6 2208 0.80 -0.492.439
5 220C 1.20 -0.662.454
4 265B 1.60 STNO 5.455
3 xxxxx 2.00 XXXXX xxxxx
2 355C 2.40 -0.322.509
1 400C 2.80 -0.7105.533
TEMPERATURE GRADIENT 0.042 C/m
HEAT FLOW 33.5 mW/mxx2
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
5.406 C 
120 TO 125 
130 TO 142
2.0
E
jE3.0
UJQ
4.0
0.20 1.00 
1/time
5.0
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 309
0.0
1.0
2.0
E
jE3.0 *&□
4.0 -
5.0
.7 5.TEMP
STATION FfllOT
TIME SSDDDHHMMSS 06106065000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40m 
LATITUDE 19 17.140S
LONGITUDE 113 42.640E
WATER DEPTH 1283.0 m
CHAN LABEL DEPTH CALB TEMP
8 85C 0.00 -0.6874.846
7 130C 0.40 -0.4274.897
6 220B 0.80 -0.4731.930
5 220C 1.20 -0.6401.959
4 265B 1.60 STNO 4.972
3 310B 2.00 -0.6835.013
2 355C 2.40 -0.2845.028
1 400C 2.80 -0.6885.067
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.073 C/b 
59.3 bW/b#*2 
4.862 C 
72 TO 77 
84 TO 99
EP04K
0.6 TEMP
APPENDIX B HEAT FLOW DATA REDUCTION _310
0.0 -i
1.0 -
2.0  -
E
jE3.0&o
4.0
5.0
4.9
STATION FR11T
TIME SSDODHHMMSS 06106103000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW
THERMISTOR SEPERATI0N 0.40 in 
LATITUDE 19 28.020S
LONGITUDE 113 58.370E
WATER DEPTH 1153.C
CHAN LABEL DEPTH CALB TEMP
8 X X X X X  X X X X X  X X K X X  X X X X X
7 X X X X X  X X X X X X X X X X  X X X X X
6 X X X X X  X X X X X X X X X X  X X X X X
5 X X X X X  X X X X X  X X X X X  X X X X X
4 265A 0.00 STND 5.068
3 X X X X X  0.40 X X K X X  X X K X X
2 x x k x x  0.80 X X X X X  X X X X X
1 400B 1.20 -0.61$.112
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.037 C/«i 
28.7 aW/mxx2 
5.068 C 
66 TO 76 
84 TO 90
TEMP
.0 -
.0 -
EP04K
0.0 n
0.6 1.1 4.9
TEMP
EM
PE
R
APPENDIX B HEAT FLOW DATA REDUCTION 311
5.0 -q
4.9 -=
4.8 4
4.7 4 
c_>
4.6
ÜJ
§4.5 I 
£4.4 1 
uj4.3 
4.2 -=
4.1 
4.0 ■ m
0.09 1.
1/time
STATION FR12T
TIME SSODDHHMMSS 06106130000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATI0N 0.40m
LATITUDE 19 36.390S
LONGITUDE 114 10.860E
WATER DEPTH 1315.0m
CHAN LABEL DEPTH CALB TEMP 
8 ##### ##### XKXtt* xxxxx
7 xxxxx xxxxx xxxxx xxxxx
6 175A 0.00 0.060 4.877
5 220A 0.40 -0.7184.926
4 265A 0.80 STND 4.958
3 XXXXX 1.20 xxxxx xxxxx
2 XXXXX 1.60 xxxxx xxxxx
1 400B 2.00 -0.61S5.035
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0 ~\
1.0
0.076 C/m 
60.7 mW/mxx2 
4.889 C 
79 TO 90 
103 TO 115
2.0 H
E
f E 3 .0 -
u3a
4.0
5.0 EP03K
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 312
5.4 -q
5.3-L__
5.2 -j
5.1 -j o
5.0 ^  
§4.9-1 
£4.8 -j 
tu<». 7 ~
4.6
4.5 1 
4.4
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
FR13T
06106164300
30.0 
LOW 
0.40 m
19 32.910S 
113 53.220E
1144.0 m 
TEMP
XXXXX XXXXX t tKt f t f *  X # * # #  
XXXXX XXXXX XXXXX XXXXX 
XXXXX XXXXX XXXXX XXXXX
220A 0.00 -0.7165.132
265A 0.40 
xxxxx 0.80 
xxxxx 1.20 
400B 1.60 
TEMPERATURE GRA0IENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
STND 5.140 
xxxxx xxxxx 
xxxxx xxxxx 
-0.6225.210
0.051 C/«i 
40.3 biW/bixx2 
5.127 C 
69 TO 72 
86 TO 96
2.0
E
£3.0
£o
4.0
0.33 1.00
1/time
5.0
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 313
5.2 -q
5.1
5.0 -=
4.9 q 
 ^ • “
4.8 -=
|4-7^  £4.6 -z
% : g4.5 . ^
4.4 -=.
4.3 -=
4.2
STATION FR14T
TIME SSDDOHHMMSS 06106193800
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40fli 
LATITUDE 19 47.240S
LONGITUDE 113 48.450E
HATER DEPTH 1173.0 m
CHAN LABEL DEPTH CALB TEMP
***** ***** ***** ***** 
***** ***** ***** ***** 
***** ***** ***** ***** 
220A 0.00 -0.7174.931
265A 0.40 
***** 0.80 
***** 1.20 
400B 1.60 
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
STND 5.029 
***** *****
***** ***** 
-0.6195.088
0.087 C/«l 
69.0 mW/m**2 
4.958 C 
71 TO 81 
99 TO 110
2.0 -J
e
fE3.0
£□
4.0
0.10  
1/time
5.01.00 o
EP04K
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 314
STATION FR15T
TIME SSDDDHHMMSS 06106235500
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 20 08.280S
LONGITUDE 114 18.620E
WATER DEPTH 1260.0 m
CHAN LABEL OEPTH CALB TEMP
8 XXXXX XXXXX Ktttftt* ttKKK*
7 xxxxx xxxxx x#### xxxxx
6 175A 0.00 0.066 4.722
5 220A 0.40 -0.7154.755
4 265A 0.80 STNO 4.809
3 xxxxx 1.20 xxxxx xxxxx
2 XXXXX 1.60 xxxxx xxxxx
1 400B 2.00 -0.62«.927
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.104 C/m 
72.6 raW/mxx2 
4.720 C 
66 TO 73 
80 TO 90
FR04K
0.6 1 .
TEMP
JU
RE
APPENDIX B HEAT FLOW DATA REDUCTION 315
t
Q
80 90 100 110 120 130
RECORD NUMBER
0.0 1 5.4 -q
\ i ----- --------
1.0 - \ 5.3 4:
2.0 - \
cj :
g-2]
£ 5 . 1 -i
•
fE3.0 -
1
§
4.0 -
5  -t—  ~
5.0 -4
4 '9 5 4 ' o- DO ' * ' ’ ' * ‘ ' 0.
140 
6.0 • 
5.9 ■ 
5.8 ■ 
5.7 ■
CJ
5.6
UJ
§5.5
£5.4
55.3t—
5.2
5.1
5.0
v * ------- 11
STATION FR16T
TIME SSDDOHHMMSS 06107045500
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 20 22.350S
LONGITUDE 114 39.440E
WATER DEPTH 972.0 m
CHAN LABEL DEPTH CALB TEMP
8 85C 0.00 -0.0385.074
7 130C 0.40 0.254 5.126
6 220B 0.80 0.174 5.184
5 220C 1.20 0.004 5.237
4 265C 1.60 0.824 5.262
3 310C 2.00 STND 5.319
2 355C 2.40 0.344 5.351
1 400C 2.80 -0.0425.378
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.110 C/m 
81.3 mW/m«#2 
5.088 C 
71 TO 76 
90 TO 110
0.0 1 •
■
0.0 -
\
1.0 - 1.0 - \
2.0 - £ 2.0 - 
U J
0
\
E
fE3.0 -
g
0
<3.0 - \
1 4.0 - 4.0 -
5.0 - FflOSK 5.0 -
TEMP F (ALPHA. TAU) 1/time TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 316
3
2
1
0
45
30
15
0
20 -  
15 H
A_ _ _ A.
------REF 1 — REF 2
------T IL T  X —  T IL T  Y ,
----- .------r v — v — * v* ------------ / '
STATION
TIME SSODDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUOE
LONGITUDE
HATER OEPTH
CHAN LABEL DEPTH CALB
FR17T
06 107081000
3 0 .0  
LOW 
0 .4 0  m
20 3 1 .4 6 0 S  
114 3 1 .2 8 0 E
8 6 1 .0  m 
TEMP
5 -
|nm ii up mi 11 ii i| i m 11 ii i| 11" " i 11111" 11" 11111 r. ■ ■1 ■.. ■ ■ 11it 11 hi in 11| 11 m i ■ ii | > 11 m m |
L ____________________________ j -------- "A  - - C H  8
4 n s *  rvt r/»r^*rv» r.xrxi* rvi r/xr>n» n« « j V s im - S t - T ’* ' "  ----- CH 7
„„C H  6
-i Ji — CH 4
----- CH 3
- ,J -----CH 2
- «■—XNÖTE:—I-NeftEHENTftt-OFf9ET-OPe-.-5-e-FROM-eH-l- CH 1
T
40
X X X X X  # # # # #  ***** ***** 
***** ***** ***** ***** 
***** ***** XXXXX XX X X X
220A 0 .0 0  -0 .7 1 0 6 .2 2 3
.0
.0
.0 -
.0 -
.0 -
i.O
50
6.6
6 .5
j  ~
u 6 .4  -=
£ 6 .3  ^
6.2  A
70 80 90
RECORD NUMBER
100 n o  120
265A 0 .4 0  
310A 0 .8 0  
xxxxx  1 .2 0  
XttKK* 1 .6 0  
TEMPERATURE GRADIENT 
HEAT FLOH
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
STND 6 .2 7 2  
- 0 .6 1 S .3 1 5  
X X X # #  xxxxx  
xxxxx xxxxx
0 .1 1 5  C/m 
8 2 .9  nH/mxx2 
6 .2 2 4  C 
46 TO 57 
72 TO 82
6.1
6.1 6.6 
TEMP
0 .
F (ALPHA. TAU)
6 .5  -□ 0 .0  -1 • 0 .0  -I ■ •
6 . 4 - : •
• \
6 .3  -j 1 .0  -
•
■ 1 .0  - \
6 .2  -= 
o  -
6 .1  -=
§ 6 . 0  •=
£ 5 . 9 - =
§  : £ 5 . 8  -
2 .0  -
E
fE 3 .0  -
£Q
■
B
U
LL
A
R
D
 
D
EP
TH
 
tx)
 
ro
0
 
0
1
 
__
__
__
__
__
1 __
__
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.0
.0 -
.0 -
.0 -
.0 -
.0
TEMP
7.0 ■ 
6.9 
6.8 
6.7
3
6.6
LU
§6.5
£6.4
£6.3
6.2
6.1 
6.0
---j
--- '
: V t->----j
STATION FR18T
TIME SSDDDHHMMSS 06107101300
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 20 44.160S
LONGITUDE 114 25.280E
WATER DEPTH 748.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 175A 0.00 0.054 6.666
5 220A 0.40 -0.7086.686
4 265A 0.80 STND 6.744
3 *****1.20 **********
2 3558 1.60 -0.6156.860
1 ***** 2.00 ***** *****
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0 n
0.126 C/m 
91.9 mW/m**2 
6.651 C 
42 TO 49 
57 TO 63
1.0
2.0 H
E
f E 3 . 0  -
£o
4.0 -
0.14 1.00
1/time
5.0 FR05K
0.0 -I
1.0 -
£ 2.0tuo
<3.0jjj
CD
4.0 -
5.0
0.6 1.1 6.5 7.0
TEMP
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20 -
15 -
10 -
- ;üVvZOü v j coxra*KVU-3i/£ü cix/ü; ' ' '
KNOTE: INCREMENTAL OFFSET OF 0.5 C FROM CH 1T
90 loo no
r ry n
120 130 140
RECORD NUMBER
150 160
---CH
---CH
-- CH
— -CH
---CH
— -CH 
-- CH
T 
170
STATION FR19T
TIME SSDDDHHMMSS 06107142500
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40m 
LATITUDE 20 24.040S
LONGITUDE 114 03.51E
HATER DEPTH 1144.0 m
CHAN LABEL DEPTH CALB TEMP
* * * * *  X X X X X  X X X X X  X X X X X
130C 0.00 0.324 4.404
220B
220C
265B
310B
355C
400C
0.40
0.80
1.20
1.60
2.00
2.40
TEMPERATURE GRADIENT 
HEAT FLOH
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.220 4.450 
0.056 4.494 
STND 4.537 
0.709 4.562 
0.363 4.613 
-0.0291.647
0.100 C/m 
73.9 mH/m**2 
4.409 C 
100 TO 107 
111 TO 130
FR05K
0.6
TEMP
EM
PE
R
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0.0
1.0
2.0
4.0
5.0
STATION FR20T
TIME SSDDDHHMMSS 06107235000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40«
LATITUDE 20 07.920S
LONGITUDE 113 38.340E
WATER DEPTH 1094.0 ■
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 130C 0.00 0.279 4.569
6 220B 0.40 0.205 4.607
5 220C 0.80 0.046 4.616
4 2658 1.20 STND 4.620
3 310B 1.60 0.726 4.636
2 355C 2.00 0.381 4.655
1 400C 2.40 -0.0074.687
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
6RADIENT RANGE 
0.0
1.0
0.042 C/«
34.9 «W/***2 
4.577 C 
53 TO 63 
71 TO 90
2.0
4.0
5.0
1/time TEMP
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0.0 11 -
1.0 -
2.0
E
£3.0 -&
Q
4.0 -
5.0
TEMP
STATION FR21T
TIME SSDDOHHMMSS 06108023000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40 a 
LATITUDE 19 56.250S
LONGITUDE 113 21.860E
WATER DEPTH 963.0 m
CHAN LABEL DEPTH CALB TEMP
8 85C ***** 0.022 5.034
7 130C 0.00 0.265 5.034
6 220B 0.40 0.214 5.041
5 220C 0.80 0.048 5.061
4 265B 1.20 STND 5.078
3 310B 1.60 0.806 5.072
2 ##### 2.00 KK*** *****
1 400C 2.40 -0.0185.133
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
6RADIENT RANGE
0.039 C/«i 
32.6 «W/tn**2 
5.028 C 
60 TO 65 
73 TO 89
TEMP
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STATION FR22T
TIME SSOOOHHMMSS 06108051000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40m 
LATITUDE 19 52.890S
LONGITUDE 113 08.590E
WATER DEPTH 910.0 m
CHAN LABEL DEPTH CALB TEMP
8 85C ***** 0.016 5.065
7 130C 0.00 0.253 5.069
6 220B 0.40 0.216 5.079
5 220C 0.80 0.046 5.094
4 265B 1.20 STND 5.104
3 3108 1.60 0.808 5.105
2 *tf*tttf 2.00 ***** *****
1 400C 2.40 -0.00$. 235
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0
0.062 C/m 
51.9 mW/m**2 
5.048 C 
43 TO 52 
59 TO 79
TEMP
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STATION FR23T
TIME SSDDDHHMMSS 06108071000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40fl
LATITUOE 19 49.840S
LONGITUDE 113 02.080E
HATER DEPTH 940.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 310A 0.00 -5.74S.743
2 *****0.40 **********
1 400B 0.80 -0.6185.799
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.070 C/a 
58.5 aW/m**2 
5.743 C 
50 TO 63 
70 TO 89
EP10K
0.6 1.1
TEMP
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STATION FH24T
TIME SSOOOHHMMSS 06108092000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 19 38.020S
LONGITUDE 112 56.010E
WATER DEPTH 1150.0 m
CHAN LABEL DEPTH CALB TEMP
8 XXKKtt XXXXX XKXXX XXXXX
7 XXXXX XXXXX XXXXX XXXXX
6 175A 0.00 0.056 5.197
5 220A 0.40 -0.18 5.207
4 265A 0.80 STND 5.211
3 xxxxx 1.20 XXXXX XXXXX
2 3558 1.60 -0.62 5.262
1 xxxxx 2.00 xxxxx xxxxx
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.040 C/m 
33.4 mW/mxx2 
5.191C 
61 TO 71 
81 TO 101
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 324
0.0
1. 0
2.0
E
jE3.0
&
□
4.0
5.0
4.6 -q
4.5 4 
4.4 
4.3 -E
3 -
4.2 ~S34.1-I4-0 4
53.9 -i 
3.8 -j
3.7 4
3.6
STATION FH25T
TIME SSOODHHMMSS 06108120100
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40« 
LATITUOE 19 31.309S
LONGITUDE 112 45.829E
HATER DEPTH 1430.0 «
CHAN LABEL DEPTH CALB TEMP
***** ***** ***** ***** 
***** ***** ***** ***** 
175A 0.00 0.059 4.373
220A 0.40 
265A 0.80 
***** 1.20 
3558 1.60 
***** 2.00 
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.049 4.393 
STND 4.360 
***** *****
-0.62 4.370 
***** *****
-O.OOX/e 
-5.4 mW/m**2 
4.379 C 
79 TO 90 
104 TO 110
0.0 n
1.0 -
2.0 -
E
{E3.0
s
— ---.I I 4.0 ■
0.09 
1/time
5.01.00 o
FR06K
0.0 n
1.0 -
1x2.0 H 
ÜJ Q
<3.0 -
3  
CD
4.0 -
5.0
6 1.1 4.2 4.7
K TEMP
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4.6
4.5 
4.4 
4.3
>
4.2
UJ
g«-‘I4'0
53.9
3.8
3.7
3.6
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR25BT
06108154100
30.0
LOW
THERMISTOR SEPERATION 0.40» 
LATITUDE 19 31.890S
LONGITUDE 112 47.270E
WATER DEPTH 1448.1
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 265B 0.00 STND 3.679
3 310B 0.40 0.834 3.700
2 355C 0.80 0.386 3.730
1 400C 1.20 -0.00 3.764
TEMPERATURE GRAOIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
1.0
0.071 C/m 
52.4 mW/m**2 
3.676 C 
80 TO 85 
89 TO 99
2.0
e
jE3.05o
4.0
5.0
0.20 1.00
1/time TEMP
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0.0
1.0
2.0
4.0
5.0
STATION FR26T
TIME SSDDOHHMMSS 06108193300
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 19 40.130S
LONGITUDE 112 20.280E
WATER DEPTH 1510.0 m
CHAN LABEL DEPTH CALB TEMP
8 XXXXX XXX*# xxxxx xxxxx
7 xxxxx xxxxx xxxxx xxxxx
6 xxxxx xxxxx xxxxx xxxxx
5 220C 0.00 0.192 3.428
4 265B 0.40 STND 3.430
3 xxxxx 0.80 xxxxx xxxxx
2 355C 1.20 -0.00 3.457
1 xxxxx 1.60 xxxxx xxxxx
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.026 C/B 
21.3 mW/mxx2 
3.424 C 
78 TO 88 
94 TO 114
EP10K
0.0 i
1.0  -
£ 2.0
tu
Q
<3.0
CD
4.0 -
5.0
0.6 1.1 3.3 3.8
TEMP
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4.8 -q
4.7 4 
4.6 4 
4.5 -=
CJ
4.4-3
I 4.3 -:
54.1 -3
4.0 3
3.9 -I
3.8
- t ------ -
-«--------
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR27T
06108220000
30.0
LOW
THERMISTOR SEPERATION 0.40m
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL DEPTH CALB
19 46.820S 
112 30.640E 
1358.0 fl 
TEMP
***** ***** ***** ***** 
***** ***** ***** ***** 
175A 0.00 0.338 4.473
220A 0.40 
265A 0.80 
***** 1.20 
355B 1.60 
***** 2.00 
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 -1
1.0 -
0.059 4.514 
STNO 4.524 
***** *****
-0.62 4.598 
***** *****
0.076 C/m 
63.3 mW/m**2 
4.474 C 
69 TO 74 
78 TO 91
2.0
E
jE3.0
u3Q
4.0 -
0.20 1.00 
1/time
5.0 EP10K
0.6 1.1
TEMP
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STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE 
THERMISTOR SEPERATION 
LATITUDE 
LONGITUDE 
WATER DEPTH 
CHAN LABEL DEPTH CALB
FR28T
06109000000
30.0 
LOW 
0.40«
19 53.780S 
112 40.820E
1186.0 « 
TEMP
XXXXX XXXXX XXKXX XXXXX 
XXXXX XXXXX XXXXX XXKXX 
175A 0.00 0.674 5.014
220A 0.40 
265A 0.80 
xxxxx 1.20 
xxxxx 1.60 
400B 2.00 
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.058 5.085 
STNO 5.101 
xxxxx xxxxx 
xxxxx xxxxx 
-0.61 5.169
0.070 C/«
59.3 «W/«xx2 
5.036 C 
65 TO 75 
82 TO 102
0.0
TEMP TEMP
TU
RE
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80 90 100
RECORD NUMBER
110
5.0 5.5
TEMP
0.
120 
6.1 -q
6.0 -E
5.9 -E
5.8 4 o
5.7 -3 
w :
§5.6 -E 
£5.5-3
130
uj5.4 —
5.3 -3
5.2 -E 
5.1
!=•*— .-snl
STATION
TIME SSDDOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATI0N
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL DEPTH CALB
FR29T
06109030500
30.0 
LOW 
0.40 a
20 05.490S 
112 51.960E
926.0 ffl 
TEMP
***** ***** ***** ***** 
***** ***** ***** ***** 
220B 0.00 0.202 5.160
220C 0.40 
265B 0.80 
***** 1.20 
355C 1.60 
***** 2.00 
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
0.045 5.179 
STNO 5.184 
***** *****
-0.01 5.233 
***** *****
0.045 C/«l 
37.3 mW/m**2 
5.158 C 
55 TO 63 
67 TO 85
2.0
a
{E3.0 -
£o
4.0 -
F (ALPHA. TAU)
0.13 1.00
1/tine
5.0 EP10K
0.6 1.
TEMP
EM
PE
R
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0.0
1.0
2.0
4.0
5.0
STATION FR30T
TIME SSDDDHHMMSS 06109060500
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 20 15.280S
LONGITUDE 113 11.390E
WATER DEPTH 90.9 n
CHAN LABEL DEPTH CALB TEMP
B ***** ****** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 310B 0.00 0.831 5.329
2 355C 0.40 0.360 5.349
1 400C 0.80 -0.00 5.366
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 t •
0.046 C/m 
38.2 mW/m**2 
5.329 C 
100 TO 115 
144 TO 162
1.
TEMP
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STATION FR31T
TIME SSDDDHHMMSS 06109092700
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 20 27.710S
LONGITUDE 113 28.750E
WATER DEPTH 1043.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ##### ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 310B 0.00 0.840 4.791
2 355C 0.40 0.364 4.811
1 400C 0.80 -0.01 4.850
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
0.074 C/l)
61.4 mW/m**2 
4.788 C 
49 TO 55 
77 TO 97
4.0
5.0
1/time TEMP
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5.5 -q
5.4 4
5.3 i,
5.2 -E 
) 2 
5.1 -=
|a.o1
uj4.8 -E 
4.7 -E
4.6 i
4.5
STATION
TIME SSODOHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR31BT
06109120500
30.0
LOW
THERMISTOR SEPERATION 0.40m
LATITUOE 
LONGITUDE 
WATER DEPTH
20 35.980S 
113 41.300E 
1136.0 m
CHAN LABEL DEPTH CALB TEMP
8 # # # # #  # # # # #  # # # # #  # # # # #
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 xxxx* xxxxx xxxxx xxxxx
4 265B 0.00 STNO 4.469
3 310B 0.40 0.828 4.490
2 355C 0.80 0.358 4.514
1 400C 1.20 -0.01 4.543
TEMPERATURE GRAOIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
1.0
0.062 C/m 
46.7 mW/mxx2 
4.467 C 
56 TO 66 
75 TO 85
2.0
E
jE3.0
u] o
4.0
0.10 1 . 
1/time
5.0
TEMP
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KNOTE: INCREMENTAL OFFSET OF 0.5 C FROM CH 
h i.....""'I'..'i'|'"m
90 100 110
RECORO NUMBER
120
STATION FR32T
TIME SSDODHHMMSS 06109143000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40ffl
LATITUOE 20 41.110S
LONGITUDE 113 53.090E
WATER OEPTH 1100.0 m
CHAN LABEL DEPTH CALB TEMP 
K K K K K  K K K K K  K K K K K  K K K K K  
K K K K K  K K K K K  K K K K K  K K K K K
220B 0.00 0.203 4.584 
220C 0.40 0.049 4.627 
265B 0.80 STND 4.658 
310B 1.20 0.834 4.669 
355C 1.60 0.357 4.708 
400C 2.00 -0.01 4.738
0.073 C/m 
56.5 mW/mKK2 
4.591C 
60 TO 68 
73 TO 87
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
FR08K
0.0
0.6 4.9
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 334
J-H
cr5
UJs
20 -
15 -
10 -
5 -
rjTTTTTTTTTJTTTTTTTTTp
60 70 80
RECORD NUMBER
STATION
TIME SSDDDHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL DEPTH CALB
FR33T
0610918300
30.0 
LOW 
0.40 in
20 56.380S 
114 11.088E
646.0 W 
TEMP
KXXtt* xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
220C 0.00 STND 6.621 
265B 0.40 0.205 6.654 
310B 0.80 0.918 6.683 
355C 1.20 0.329 6.705 
400C 1.60 -0.01 6.762
0.084 C/n 
63.9 mW/mxx2 
6.618 C 
42 TO 48 
66 TO 75
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0
1.0 -
£ 2.0
UJa
33.0 -
CD
4.0 -
5.0
6.5 7.0
TEMP
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STATION FR34T
TIME SSDDDHHMMSS 06109211100
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40 m
LATITUDE 21 13.BOOS
LONGITUDE 113 57.940E
WATER DEPTH 716.0 n
CHAN LABEL DEPTH CALB TEMP
B ***** XXXXX XXXXX XXXXX
7 ttttftttK xxxxx xxxx# xxxxx
6 xxxxx xxxxx xxxxx xxxxx
5 xxxxx xxxxx xxxxx xxxxx
4 265B 0.00 STNO 6.154
3 310B 0.40 0.975 6.204
2 355C 0.B0 0.339 6.216
1 400C 1.20 -0.01 6.254
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 n
1.0 -
0.078 C/ffl 
59.4 mW/mxx2 
6.160 C 
35 TO 45 
54 TO 60
4.0
5.0
0.10 1.00 
1/time
FR08K
0.6 1 .
TEMP
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STATION FR35T
TIME SSDDOHHMMSS 06110012500
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40m
LATITUDE 21 07.260S
LONGITUDE 113 36.830E
WATER DEPTH 1198.0 m
CHAN LABEL DEPTH CAL8 TEMP
8 XXXXX XXXXX XKKtttt XXXXX
7 XXXXX XXXXX XXXXX XXXXX
6 XXXXX XXXXX XXXXX XXXXX
5 XXXXX XXXXX XXXXX XXXXX
4 XXXXX XXXXX XXXXX XXXXX
3 310A 0.00 -0.33 4.916
2 355B 0.40 -0.62 4.974
1 400B 0.80 2.230 4.997
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.102 C/m 
79.1 mW/mxx2 
4.922 C 
85 TO 89 
92 TO 102
FR09K
0.0 -I
1.0 A
’2.0
<3.0
CD
4.0 A
5.0
0.6 1.1 4.8
TEMP
5.3
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5 .5  -q
5 .4  4 
5 .3  4  
5 .2
3
5 . H  
|5.0 | 
£ 4.94
£ 4 .8  -= 
4 .7  ~
4 .6
4 .5
STATION FR36T
TIME SSDDOHHMMSS 06110051500
SAMPLE INTERVAL SEC 3 0 .0  
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0 .4 0  m 
LATITUDE 20 47.080S
LONGITUDE 113 18.500E
WATER DEPTH 1100.0  B
CHAN LABEL DEPTH CALB TEMP
8 X K X K f t  X X X X X  X X X X X  X X X X X
7 X X X X X  X X X X X  X X X X X  X X X X X
6 175A 0 .0 0 0 .0 6 0  5 .2 30
5 220A 0 .4 0 0 .3 01  5 .2 56
4 265A 0 .8 0 STNO 5 .270
3 310A 1.20 -0 .2 8  5 .281
2 355B 1.60 -0 .6 2  5 .3 20
1 xxxxx 2 .0 0 xxxxx xxxxx
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
0 .0 51  C /d 
3 9 .9  aW/ffl##2 
5 .2 31  C 
60 TO 67 
77 TO 87
2.0
E
jE3.0
£
Q
4 .0
0 .1 4  1.00
1/tim e
5 .0
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 338
6.1 -q
6.0 4
5.9 4
5.8 4 
3 :
5.7 -=
£§5.6 -
u]5.5 4 
55.4 -
5.3 -E 
5.2 4 
5.1
STATION FR37T
TIME SSDDDHHMMSS 06110084000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40«
LATITUDE 20 34.820S
LONGITUDE 113 00.470E
WATER DEPTH 955.0 n
CHAN LABEL DEPTH CALB TEMP
8 ##### ***** ***** *****
7 ##### ***** ***** *****
6 ***** ***** ***** *****
5 220C 0.00 0.193 5.118
4 265B 0.40 STND 5.143
3 310B 0.80 0.893 5.143
2 355C 1.20 0.354 5.172
1 400C 1.60 -0.015.197
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0 -J
0.047 C/B 
36.5 «W/a**2 
5.117 C 
55 TO 64 
76 TO 90
2.0
E
j E 3 . 0  -5Q
4.0 -
0.11 1 . 
i/ti«e
5.0 FR09K
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 339
STATION FR38T
TIME SSDDDHHMMSS 06110110700
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40ffl
LATITUDE 20 20.980S
LONGITUDE 112 57.950E
WATER DEPTH 980.0 m
CHAN LABEL DEPTH CALB TEMP
8 ##### KXftX* xxxxx xxxxx
7 xxxxx xxxxx xxxxx xxxxx
6 xxxxx xxxxx xxxxx xxxxx
5 xxxxx xxxxx xxxxx xxxxx
4 xxxxx xxxxx xxxxx xxxxx
3 310B 0.00 0.819 5.517
2 355C 0.40 0.343 5.525
1 400C 0.80 -0.01 5.598
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
0.102 C/m 
78.4 mW/mxx2 
5.506 C 
39 TO 46 
117 TO 127
2.0
&Q
4.0
5.0
0.14 1.00
1/time TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 340
t
Q
20 -
:a
15 -3'j 
-i!
>!-.
i . _
g  _------------------------------- •.
5 -
0 -
100 110 120 
RECORD NUMBER
KNnTF- TNP.RFMFNTAI OFFSET nF In A r FOnM^ PO'-^ '- 
70 80 90 130 140
6.4
6.3
6.2
6.1 
o
6.0
UJ
§5.9 
Ui5.8-a 
55.7 
5.6
5.5
5.4
--CH
— CH 
— CH 
— -CH 
— CH 
— -CH 
— CH 
-- CH
150
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR39T
06110110700
30.0
LOW
THERMISTOR SEPERATI0N 0.40 m 
LATITUDE 20 17.230S
LONGITUDE 112 44.180E
WATER DEPTH 855.0 fl
CHAN LABEL DEPTH CALB TEMP 
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 265B 0.00 STND 6.143
3 310B 0.40 -0.62 6.171
2 *****0.80 **********
1 *****1.20 **********
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
1.0
0.070 C/m 
51.8 mW/m**2 
6.143 C 
66 TO 73 
79 TO 89
2.0
E
jE3.0
UJ 
□
4.0
0.14 1.00
1/time
5.0
TEMP
TIL
APPENDIX B HEAT FLOW DATA REDUCTION 341
STATION FR40T
TIME SSDDDHHMMSS 061101814 0
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40m 
LATITUDE 20 11.100S
LONGITUDE 112 26.670E
WATER DEPTH 1003.0 m
CHAN LABEL DEPTH CALB TEMP
***** ***** ***** ***** 
***** ***** ***** ***** 
***** ***** ***** *****
220A 0.00 
265A 0.40 
***** 0.80 
***** 1.20 
400B 1.60
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.056 5.567 
STND 5.598 
***** *****
***** *****
-0.62 5.692
0.078 C/m 
65.3 mW/m**2 
5.567 C 
65 TO 72 
77 TO 90
0.0 -I
1.0 T
2.0 -
£ 3.0•i
C!
4.0
5.0
1 1 5.9 -q 5.9 -q 
5.8“
0.0 -i
: .
0.0 -I
\
\
\ 5.8 4 5.7 4 1.0 - 1.0 - \
1
\
1
0  :
§ 5 , 7 i  
2  —  
< ______ :
5.6 ~  
5.5 1 
|5.4 -i 
^5 3 -
r  :
2.0 - 
e
£ 2 . 0  -
LU
Q
Q
\
\
\l | 5 . 6 g
h- “
5.5 -E
3^.0 -1 
§
4.0 -
<3.0 -1
CO
4.0 -
\\
\
\
S5.2 G
h-
5.1 -E
\
\
5.0 “
EP11K
\
\
'4 5TEMP 9 °-
bo ' ' ' ' ' ' ' ' 0.
F (ALPHA. TAU)
10 C.14 ' 1.
1/time
00 0 6 1 K 1 5'4 5.TEMP
T
IL
'
APPENDIX B HEAT FLOW DATA REDUCTION 342
0.0
1.0
2.0
£ 3 . 0
&
o
4 . 0
5 . 0
STATION FR41T
TIME SSDDDHHMMSS 06110204300
SAMPLE INTERVAL SEC 3 0 .0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0 .4 0 m
LATITUDE 20 0 2 .5 6 0 S
LONGITUDE 112 14 .310E
WATER DEPTH 1 2 7 5 .0  m
CHAN LABEL DEPTH CALB TEMP
8 x x x x x  x x x # *  x x x x x  x x x x x
7 x x x x x  x x x x x  x x x x x  x x x x x
6 x x x x x  x x x x x  x x x x x  x x x x x
5 x x x x x  x x x x x  x x x x x  x x x x x
4 265B 0 .0 0  STND 4 .0 3 4
3 x x x x x  0 . 4 0  x x x x x  x x x x x
2 355C 0 .8 0  0 .3 2 0  4 .1 2 1
1 400C 1 .2 0  0 .0 0 0  4 .1 6 4
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
.0 -
FR10K
0.0  -|
0 .1 0 8  C/m 
8 3 .7  mW/mxx2 
4 .0 3 4  C 
69 TO 79 
85 TO 95
1.0  -
£ 2.0
UJ
a
< 3 . 0  - 
ca
4 . 0  -
5 . 0
\
0. 6 1 . 1 3 . 9 4 .4
TEMP
T
IL
APPENDIX B___________HEAT FLOW DATA REDUCTION 343
0.0
1.0
2.0 
E
£ 3 . 0
&
a
4 .0
5 .0
STATION
TIME SSDDOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
WATER DEPTH
CHAN LABEL DEPTH CALB
FR42T
06111001200
3 0 .0  
LOW
0 . 4 0  m 
19 53 .850 S  
112 13 .820E
1 4 2 5 .0  m 
TEMP
XXXXX xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
xxxxx xxxxx xxxxx xxxxx 
xxxxx 0.00 xxxxx xxxxx
310A 0 . 4 0  
355B 0 . 8 0  
xxxxx i .20  
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
- 1 . 6 4  5 .9 3 7  
- 2 . 2 7  5 .9 7 2  
xxxxx xxxxx
0 . 0 8 8  C/m 
7 1 . 5  mW/mxx2 
5 . 9 0 2  C 
76 TO 86  
95 TO 105
FR10K
0.0 i
1.0  -
2.0  -
< 3 . 0  - 
5
CD
4 .0  H
5 . 0
.6 1.1 
K
.8 6 . 3
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 344
4.4 -q
4.3 4
4.2 4
4.1 4 o
4.0 -3 
| 3 . 9  4 
u]3.8 4 
S3.7 4
3.6 4 
3.5 4 
3.4
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR43T
06111035400
30.0
LOW
THERMISTOR SEPERATION 0.40ffi 
LATITUDE 20 18.760S
LONGITUDE 111 58.290E
WATER OEPTH 1482.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 310A 0.00 1.178 4.125
2 *****0.40 **********
1 400B 0.80 -0.62 4.176
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
0.064 C/m 
48.7 mW/m**2 
4.125 C 
64 TO 74 
80 TO 90
2.0
0.10 1.00 
1/time
4.0
5.0
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 345
STATION FR44T
TIME SSDDDHHMMSS 6111071000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.36«
LATITUDE 20 28.450S
LONGITUOE 112 12.570E
WATER DEPTH 1357.0 o
CHAN LABEL DEPTH CALB TEMP
8 ***** ##### ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 220C 0.00 0.211 3.865
4 265B 0.36 STNO 3.879
3 310B 0.72 0.775 3.896
2 355C 1.08 0.307 3.916
1 400C 1.44 0.004 3.937
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.050 C/l 
38.8 nW/m**2 
3.863 C 
64 TO 74 
83 TO 93
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 346
STATION
TIME SSODDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR45T
06111131000
30.0
LOW
THERMISTOR SEPERATION 0.40« 
LATITUDE 20 34.210S
LONGITUDE 112 11.200E
WATER DEPTH 1378.0 m
CHAN LABEL DEPTH CALB TEMP 
8 tttttttt* KtttfKK ##### *****
7 ***** ***** ***** *****
6 175A 0.00 0.543 4.395
5 220A 0.40 0.061 4.404
4 265A 0.80 STND 4.439
3 *****1.20 **********
2 *****1.60 **********
1 *****2.00 **********
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRAOIENT RANGE
1.0
0.055 C/a 
41.4 mW/m**2 
4.391C 
75 TO 85 
97 TO 107
2.0
4.0
5.0
10 1.00 
1/time TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 347
0.0
1.0
2.0
4.0
5.0
5.4 -
5.3 4 
5.2 4
5.1 4
CJ
5.0
£|4-9- 
£4.8 4 
54.7-j 
4.6 4
4.5 4
4.4
— — * G *2
UJ Q
STATION
TIME SSODDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE 
THERMISTOR SEPERATION 
LATITUDE 
LONGITUDE
FR46T
06111141500 
30.0 
LOW 
0.40 n 
20 41.290S 
112 26.920E
HATER DEPTH 1265.0 fl
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 130C 0.00 0.269 4.124
6 220B 0.40 0.055 4.168
5 220C 0.80 STND 4.176
4 265B 1.20 0.207 4.182
3 310B 1.60 0.809 4.189
2 355C 2.00 0.319 4.211
1 400C 2.40 0.001 4.245
TEMPERATURE GRADIENT 0.041 C/m
HEAT FLOH 34.8 mH/m**2
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
1.0
4.135 C 
72 TO 82 
137 TO 147
2.0
4.0
0.10 1.00 
1/time
5.0
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 348
3
2
1 -f
------REF 1 —  REF 2
20 -
15 -
10
5 -
KNOTE: INCREMENTAL OFFSET OF 0 .5  C FROM CH 1 
0 11m 1111111111 m  1111111 m  11iin1111111111111111111 ii I'I■I'■■.■■■■■!■ ■
50 60 70 80 90 100 110
RECORD NUMBER
I " " "
120
------CH
------ CH
------CH
— -CH 
— CH 
— -CH
------CH
H 
T"
STATION FR47T
TIME SSDDDHHMMSS 061111 812  0
SAMPLE INTERVAL SEC 3 0 .0  
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0 . 4 0 «  
LATITUDE 20 5 2 .3 0 0 S
LONGITUDE 112 4 2 .0 2 0 E
HATER DEPTH 1 1 3 6 .0  «
CHAN LABEL DEPTH CALB TEMP 
8 KMKKK X #### XXXXX XXXXX
7 XXXXX XXXXX XXXXX XXXXX
6 XXXXX XXXXX XXXXX XXXXX
5 220C 0 .0 0  0 .2 1 8  4 .5 5 7
4 265B  0 .4 0  STND 4 .5 7 4
3 310B  0 .8 0  0 .7 7 4  4 .5 9 9
2 355C 1 .2 0  0 .2 9 5  4 .6 2 5
1 400C 1 .6 0  0 .0 0 0  4 .6 5 7
130
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0 .0 6 2  C /a  
49.1 ■W/«xx2 
4 .5 5 2  C 
55  TO 65 
75  TO 90
1.0  -
2 .0  -
u
4 .9  -
■
4 .8  -t
o  ~
£ 4 - 7 i
<r
r i ;
- 1
4 . 5  -5
- 1 1 I T
«. 4 4 .9  ° - b
5 . 5  -n 0 . 0  -1 • 0 . 0  -|
5 . 4  4
•
•
• \
5 . 3  4 1 .0  - •• 1 .0  - \
5 . 2  4 
o
5 . 1
Ss.oi.
IH
u j4 . 8  -
4 . 7  4
♦  • — • — 
-------
2 . 0  -
e
£ 3 . 0  - 1
4 . 0
£ 2 . 0  -
UJ
Q
□
§ 3 . 0  -
CD
4 . 0
\
4 . 6  4
FR12K
5 . 0
\
1 4 . 5  _ fell 1 1 D . U r»n 1 1 1 1
TEMP F (ALPHA. TAU) 1/time
0.6 1.1 4 .9
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 349
0.0 I
1.0
2.0
E
jE3.0
UJQ
4.0
5.0
STATION FR48T
TIME SSODDHHMMSS 06111220100
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40«
LATITUDE 20 54.150S
LONGITUDE 112 50.250E
WATER DEPTH 1103.0«
CHAN LABEL DEPTH CALB TEMP
8 ****** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 265A 0.00 STND 5.708
3 *****0.40 **********
2 *****0.80 **********
1 400B 1.20 -5.77 5.773
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.054 C/m 
41.7 mW/m**2 
5.708 C 
56 TO 62 
65 TO 75
TEMP TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 350
Hj
l-t
80 100 110 120 RECORD NUMBER 1300.0 -1
1
5.2 -q
1.0 - 5.1 -i
\ o 1
DE
PT
H 
m
co
 
ro
o 
b
__
_i _
__
__
__
i_
TE
MP
ER
AT
UR
E 
it 
cn
to
 
o
■ ■
H
.j
.l
.l
u
W
l;
4.0 -
5.0
4
1 4.8 -j
7 5 2 0.0 0.
140
5.2 -q
5.1
5.0 -=
4.9 -= 
o 4.8I4-7i
54.5  ^
150
4.4 -= 
4.3 4 
4.2
STATION FR49T
TIME SSDD0HHMMSS 06112011000
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATI0N 0.40m
LATITUDE 21 06.650S
LONGITUDE 113 08.470E
WATER DEPTH 1257.0 m
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 220C 0.00 -0.60 4.877
4 *****0.40 **********
3 310B 0.80 -0.08 4.959
2 355C 1.20 -0.48 4.968
1 400C 1.60 -0.80 4.991
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
1.0
0.070 C/m 
55.3 mW/m**2 
4.885 C 
83 TO 93 
100 TO 110
2.0
u jo
TEMP F (ALPHA. TAU)
10 1 . 
1/time
4.0
5.0
TEMP
TU
RE
APPENDIX B HEAT FLOW DATA REDUCTION 351
60 70 80
0.0 n
1.0
2.0 -
90 100 110
RECORD NUMBER
4.0 -
5.0
11
5.0 -q
■
4.9 4
CJ ~
■
jr4'8 1
§4.7-j 
1 -1
-----____________________a_____
_ _  m m a  ~  «• -----
4.6 -i
.5 5
TEMP
o ' o.00 0. 
F (ALPHA. TAU)
STATION
TIME SSDDDHHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR50T
06112051000
30.0
LOW
THERMISTOR SEPERATION 0.40«
LATITUDE
LONGITUDE
21 19.890S 
113 28.460E
WATER DEPTH 1300.0 fl
CHAN LABEL DEPTH CALB TEMP
8 ***** ***** ***** *****
7 130C 0.00 -0.11 4.632
6 85B 0.40 -0.03 4.647
5 130B 0.80 0.353 4.666
4 ***** 1.20 ***** *****
3 220A 1.60 STND 4.741
2 ***** 2.00 ***** *****
1 ***** 2.40 ***** *****
TEMPERATURE GRADIENT 0.069 C/«
HEAT FLOW 53.2 mW/tn**2
SEAFLOOR TEMPERATURE 4.623 C 
CALIBRATION RANGE 60 TO 70
GRADIENT RANGE 78 TO 88
0.0
4.0
5.0
0.10 1.00 
1/time TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 352
--- REF 1 — -REF 2
21 16.760SLATITUDE 
LONGITUDE 
HATER DEPTH 1115.0m
CHAN LABEL DEPTH CALB TEMP
113 41.160E--- TILT X ---TILT Y
n-nyr ***** ***** ***** *****
***** ***** ***** *****
***** ***** ***** *****
***** ***** ***** *****
4 265B 0.00 STND 5.687
3 310B 0.40 -0.38 5.754
2 355C 0.80 -0.93 5.785
1 400C 1.20 -1.23 5.812
TEMPERATURE GRADIENT 0.101 C/n 
HEAT FLOW 77.8 aW/m**2
SEAFLOOR TEMPERATURE 5.699 C 
CALIBRATION RANGE 60 TO 65 
GRADIENT RANGE 70 TO 85
0.0 n O.O-i \
--- CH
— -CH
---CH
*NOTE: INCREMENTAL OFFSET OF 0.5 C FROM CH 1
TTTTTpTI I ■ t I 11 I 11
90 100 110 120 130 140
RECORD NUMBER
5.5 -q6.0 -q
FR13K
4.5 J5.5 -
0.20 1.00 
1/timeF (ALPHA. TAU)
APPENDIX B HEAT FLOW DATA REDUCTION 353
fc
w
r>
LÜs
80 90 100
RECORD NUMBER
110 120 130
STATION FR52T
TIM E SSDDDHHMMSS 06 1121 226 00
SAMPLE INTERVAL SEC 3 0 .0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0 . 4 0 ra
LATITUDE 21 3 0 .6 5 0 S
LONGITUDE 113 4 4 .2 7 0 E
WATER DEPTH 9 7 6 .0  m
CHAN LABEL DEPTH CALB TEMP
8 # # # # #  # # *# #  ##### #####
7 130C 0 .0 0  - 0 . 5 2  5 .7 3 7
6 220B 0 .4 0  - 0 . 5 6  5 .7 9 1
5 220C 0 .8 0  - 0 .7 3  5 .8 5 3
4 265B 1 .2 0  STND 5 .9 2 7
3 310B 1 .6 0  - 0 .0 1  5 .9 5 1
2 355C 2 .0 0  - 0 .4 9  5 .9 8 8
1 400C 2 .4 0  - 0 . 7 8  6 .0 1 2
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0 .1 1 7  C /a  
9 0 .1  mW/m*#2 
5 .7 5 3  C 
55  TO 65 
70 TO 85
0.0 i
1.0  -
2.0  -
4 .0  -
5 .0
1\
6 . 1  - 3
\ 6 . 0  - . Z\ CJ ~ Z1
•
TE
M
PE
R
A
TU
R
E
U
l 
CJ
l
CO
 
ID
1
11
1
H
11
11
1 
(
ii
n
li
j
5 .7  -=
. 6  6 i  0 . 0
6 .0  q r ’  • 0 .0  -I 0 .0  -1
5 . 9  -j
■
• \
5 . 8  4 1 .0  - • 1 .0  - V
5 . 7  4
cj :
5 . 6  -=
§ 5 . 5  4 , ~ f -
2 .0  -
1
i
•
B
U
LL
A
R
D
 
D
E
P
TH
 
co
 
ro
o
 
o
__
_i
__
__
__
__
i_
__
__
__
\  ■
£ 5 . 4 - :  
j  5 5 . 3  4
-------
------- D
EP
TH
 
n
U) o
__
_i
__
_
\
5 . 2  ~ r *  ■ 4 . 0  - 4 . 0  -
5 . 1  4
5 . 0  J ■111 1 5 . 0  -
FR13K
5 . 0  -
0 .
TEMP F (ALPHA. TAU) 1 /t im e
0.6 1.1 5 .6  6 .1
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 354
STATION FR53T
TIME SSDDDHHMMSS 06112181900
SAMPLE INTERVAL SEC 30.0
TEMPERATURE RANGE LOW
THERMISTOR SEPERATION 0.40 in
LATITUDE 21 48.260S
LONGITUDE 113 30.230E
WATER DEPTH 1230.0 in
CHAN LABEL DEPTH CALB TEMP
6 ***** ***** ***** *****
7 ***** ***** ***** *****
6 ***** ***** ***** *****
5 ***** ***** ***** *****
4 ***** ***** ***** *****
3 ***** ***** ***** *****
2 355C 0.00 -0.43 4.877
1 400C 0.40 -0.714.917
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.098 C/m 
69.2 fflW/m**2 
4.877 C 
60 TO 70 
77 TO 90
TEMP
APPENDIX B HEAT FLOW DATA REDUCTION 355
3
2
1
0
45
30
15
0
20 -  
15 ^  
10 -
-- REF 1 — REF 2
— / — •— —
-TILT X --T
-- CH 8— CH 7
:- L ^ r r
«NOTE: INCREMENTAL OFFSET OF 0.5 C FROM CH 1■ 11111" "1 f
--CH --CH
U180
I I I I III I I ITTfT
90 100 110 120RECORD NUMBER
rTTTTp
130
0.0 n
1.0
2.0
3.0 -
4.0 -
5.0
4.2 t  
4.1 -=
o “
| 4'°1 
£3.9 i
£ 4
3.8 4
Q 7 “
1.7 4
J. /
.2 °- 0.
TTjm
140
4.1 -=
4.0 4
3.9 4
3.8 4 o
3.7
I 3 -6 1
£3.5 4 
£3.4 
3.3
3.2 4
3.1
TTTjm
150
STATION FR54T
TIME SSODDHHMMSS 06112221600
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40« 
LATITUDE 21 26.400S
LONGITUDE 112 58.140E
WATER DEPTH 1602.0 ■
CHAN LABEL DEPTH CALB TEMP
8 XXXXX «X««« xxxxx xxxxx
7 xxxxx xxxxx xxxxx xxxxx
6 220B 0.00 -0.66 3.881
5 220C 0.40 -0.49 3.876
4 XXXXX 0.80 xxxxx xxxxx
3 310B 1.20 0.026 3.883
2 355C 1.60 -0.71 3.881
1 400C 2.00 -0.42 3.885
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
0.0 n
0.003 C/m 
2.2 «W/*XX2
3.878 C 
74 TO 84 
90 TO 100
1.0
2.0
{E3.0 -
£Q
4.0 -
TEMP F (ALPHA. TAU)
0.10 1.00
1/time
5.0 FR14K
0.0
1.0 -
£ 2.0UJa
<3.0
m
4.0 -
5.0
0.6 1.1 3.7TEMP
4.2
APPENDIX B HEAT FLOW DATA REDUCTION 356
0.0
1.0
2.0
E
{E3.0
UJ Q
4.0
5.0
STATION FR55T
TIME SSODDHHMMSS 06113021000
SAMPLE INTERVAL SEC 30.0 
TEMPERATURE RANGE LOW 
THERMISTOR SEPERATION 0.40« 
LATITUDE 21 13.460S
LONGITUOE 112 39.380E
WATER DEPTH 1882.0 a
CHAN LABEL DEPTH CALB TEMP
85C
130C
2208
220C
2658
3108
355C
400C
0.00
0.40
0.80
1.20
1.60
2.00
2.40
2.80
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
-0.71 3.437 
-0.44 3.449 
-0.66 3.444 
-0.49 3.413 
STNO 3.464 
0.018 3.440 
-0.71 3.430 
-0.42 3.453
0.001 C/a 
0.8 aW/a#*2
3.441C 
74 TO 84 
91 TO 101
EP12K
0.0
1.0 -
£ 2.0
UJa
33.0
CQ
4.0 -
5.0
0.6 1.1 3.3
TEMP
3.8
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0 .0  n
1.0 -
2.0 -I
E
fE3.0 -
UJo
4.0 -
5.0
3.9
TEMP
4.7 -q
4 
4 
4
)
4
6
5 4
UJS«
I 4
uj4
3
3
3
8 4 
7
4 -
.3 4
.2 4 
1 4 
.o 4
9 4'^ r.t:
-----ii
STATION
TIME SS0D0HHMMSS 
SAMPLE INTERVAL SEC 
TEMPERATURE RANGE
FR56T
06113061000
30.0
LOW
THERMISTOR SEPERATI0N 0.40 O
LATITUDE 
LONGITUDE 
HATER DEPTH
21 00.700S 
112 15.540E 
1538.0 n
CHAN LABEL DEPTH CALB TEMP
8 #*### ##### ***** *****
7 ***** ***** ***** *****
6 220B 0.00 -0.69 4.074
5 220C 0.40 -0.54 4.072
4 265B 0.80 STNO 4.076
3 310B 1.20 0.006 4.082
2 355C 1.60 -0.73 4.098
1 400C 2.00 -0.46 4.102
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE 
0.0
0.016 C/b 
13.1 mW/m**2 
4.068 C 
70 TO 76 
94 TO 104
1.0
2.0 H
E
pE3.0 -
UJa
4.0 -
5.0
0.17 1.00 o
1/time
EP12K
0.0 i
1.0 -
£2.0 A
UJa
<3.0 -
CD
4.0 A
5.0
6 1.1
K
3.9 4.4
TEMP
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20 -
15 -
10 -
»(NOTE: INCREMENTAL OFFSET OF 0.5 C FROM CH
TTTTTTTTT1
170
-- CH
-- CH
--CH
— -CH 
— CH
-- CH
--CH
:h
r r r j nno 120 130 140 150 160 TTJTTl180 rrrpn190
STATION
TIME SSDDOHHMMSS
SAMPLE INTERVAL SEC
TEMPERATURE RANGE
THERMISTOR SEPERATION
LATITUDE
LONGITUDE
HATER DEPTH
CHAN LABEL DEPTH CALB
FR57T
06113095400
30.0 
LOW 
0.40 ■
20 45.490S 
111 58.500E
1446.0 • 
TEMP
8 85C 0.00 -0.76 4.381
7 130C 0.40 -0.44 4.327
6 220B 0.80 -0.71 4.381
5 220C 1.20 -0.56 4.369
4 265B 1.60 STND 4.319
3 310B 2.00 0.043 4.314
2 355C 2.40 -0.75 4.295
1 400C 2.80 -0.47 4.306
TEMPERATURE GRADIENT 
HEAT FLOW
SEAFLOOR TEMPERATURE 
CALIBRATION RANGE 
GRADIENT RANGE
-0.02K/r 
-23.0 ■W/n«*2 
4.375 C 
115 TO 122 
142 TO 152
0.0 -| 4.6 -q 4.6 -q 0.0 -1 • 0..0 -I
-i 4.5 •
1.0 - 4.5 -1 4.4 1.0 - . 1.0 - ■
2.0 -
o  ”
u j 4 . 4  -
4.3o
4.2 2.0 - • £2.0 -
§  i. - - .... . —  -* - --=~ §4 i
•■ Qe
fE3.0 -
s
4.0
2 1 
£4.3-:
§  i
4.2
£4.0
£3.9♦—
3.8
G
JE3.0 •
£Q
4.0
Q
<3.0 -
CD
4.0
- 3.7
5.0
4
5.0
00 o
EP12K 5 0
1 4
4.1
6 °- j o ................... ..  0 .
.3. 0
10 3.14 ' 1. 6 1.1 4 1 4
TEMP F (ALPHA. TAU) 1/time TEMP
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The object of this appendix is to detail the finite difference 
approximations of the governing equations, principally the Alternate 
Direction Implicit (ADI) method. The numerical modelling consisted of 
the simultaneous solution of two equations. The first equation is that 
which describes the temperature field. The equation may be parabolic, 
where transient effects are to be modelled. The system is assumed to be 
in steady state, and on the face of it the parabolic equation need not 
be used. If all the boundary conditions are Dirichlet type this is the 
case. However in the cases where Neumann boundaries are specified it is 
necessary to use the parabolic temperature equation. This is because 
the ADI split cannot be used where Neumann boundaries are involved.
The temperature field in the steady state with Dirichlet boundary 
conditions is an elliptic equation. Similarly the second equation 
describing the fluid flow via the stream function is an elliptic 
equation, as it is assumed that the boundaries are impermeable. In 
either the parabolic or elliptic equation approximation there are two 
fundamental approaches to the differencing technique. The first 
involves a direct replacement of the partial differential operators 
with difference operators. The second method is similar except that the 
difference operators are not applied directly to the governing 
equations but rather to the conservation theorems from which they are 
derived. It is sometimes the case with direct replacement methods that 
conservation theorems are violated and numerical dispersion occurs. 
Where possible, difference equations via the conservation theorems are 
sort. However in some cases the ADI does not lend itself to this 
procedure. Most notable is the instance where upwinding needs to be 
undertaken.
In dealing with a two dimensional system the following conventions 
hold. All of the differencing is based in a five point approximation. 
The value of a function B in time and space is denoted;
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B. . =B. . where i is the x direction index, j the y and k the1 > J > k i, j
time indices respectively, see Figure (C.l). At a local level it is 
sometimes convenient to drop one or all of the indices, so if time 
changes are being discussed at a particular node then write B or if
spatial changes only are being discussed write B. . instead of> J
B. . ,=B. A
i , J > k  i , j
i, j+1
Az
Ax
i-1,j ---- i,j ---- i+l,j
Az
i J-l Time has index 'k'
Figure C.l Co-ordinate axis system and naming conventions used in 
the numerical approximation scheme.
The following discussion is based on the assumption that Ax=Az. In the 
same manner when dealing with anisotropy the value of the variable B in 
the x and z directions are denoted B^ and B^ respectively, and 
where discussion is focused on B^ for example, put
x:l,J,k i,j,k
The ultimate form of the finite difference equations is controlled 
by the method used to solve the system. In this case it requires 
tridiagonal matrices that can be inverted using the Thomas Algorithm (a 
direct method). The Thomas algorithm has some special features that are 
useful, however it does require the tridiagonal matrices to be of a 
special form. Fundamentally iterative methods are used.
Parabolic Direct Replacement - Temperature 
Starting with the full heat flow equation;
(pc)*a T=a (k d T)+a (k d T)-pCua T-pCvd t+s (c.l)r t X  X X  Z Z Z  X  z
Using the split of Peaceman and Rachford (1955)
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([I]-HAt[H])Tn+H - ([I] + HAt[V])Tn (C.2)
([I]-HAt[V])Tn+1 - ([I] + 4At[H])Tn+H (C.3)
Here the backward difference operator on the time partial derivative is 
used,
dtT=VtT=(Tn-Tn+1)/At
The significant difference between steady and non-steady cases lies in 
the finite difference representations which may be written for the 
partial derivative of temperature with respect to time. Implicit 
formulations, such as ADI, use backward differences for time.
The elements of the matrices [H] and [V] be derived from 
H =6 ( K 8 )/(PC)*-pCuS /(PC)*+S/2(pC)* (C.4)-L , I A  A  A  A
Vi,j=5z(Kz5z)/(^C)" ^ Cv5z/(^C)"+S/2(^C)" (C'5)
where 8 is the central difference operator approximating d on the
dependent and independent variables. The difference equation in the
case of equations (C.2) and (C.3) is;
1Ti,j,n+h
- T + [ (^At (5 (K ö -pCvfi +HS) )/(pC]T (C. 6)
I j I j LI A  A  / i /■ 1 j I I LL
" (C'7)
At this stage special care needs to be given to the application of the 
central difference operators 8^ and 8^ on the independent (variable 
coefficients) and dependent (temperature) variables. In the conduction 
term the self-adjointness needs to be preserved, otherwise in the case 
of heterogeneity in the thermal conductivity heat flow is not 
necessarily conserved across the boundaries of the elemental volume. So 
using the approximation;
8 (K 8 )T=<$ (K 8 T)X X X  X X X
(K. , .T. . .-(K. , .+K. , .)T. .+K. . .T. - .)/Ax (C.8)
1-^2,j i - l , j  i + H , j  i - ^ , J  i,J i + H , J  l + l , J
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where K=K . Put x
K. , .=h(K. n .+K. .)i-h,j l-l,j i,j'
K. . .=h(K. .+K. . .)i+h,j i,J i+l,J
(C.9)
(C.10)
This assumes a linear variation in the thermal conductivity between
nodes: the new value is just the average between the two adjacent
nodes. An alternate method is to take the integrated average as
suggested by McDonald and others (1988).
The convection term also needs to be handled with some care. If the
rate of change of fluid velocity is large then the averaging process
also needs to be done. Also if the absolute value of the fluid velocity
is large and the heat and mass transfer equation uses very large time
steps then a particular tracer may pass through the point T. . in a> J
calculation step. This will induce errors in the final answer. The 
problem manifests itself in the need to invert the matrix [A] with the 
use of the Thomas Algorithm, as this method needs diagonal dominance to 
be successful. The averaging of the fluid velocity also ensures that 
the conservation of mass equation also holds, i.e. div(u)=0. So for a 
given velocity component , it can be handled in three ways. Recall the 
total convective term is of the form pCv3T. If |pCv|<C, where f is yet 
to be defined, then the central difference;
(C.12)
can be used. If pCv<f<0 then this corresponds to a fluid movement to 
the left in the co-ordinate system. So on a five point approximation 
for T. .in the x-direction the 'upwind' points are T. . and 
T^+  ^j, this corresponds to the use of a forward difference operator;
8 T=6 T=(T. - .-T. - .)/2Ax x x l+l,J l-l,j'
3 T=A T=(T. .-T. . )/Axx x l+l,j i,j (C.13)
Correspondingly, if 0<C<pCv, then the 'upwind' points are T. . andi»J
T. . and so this is the backward difference;
g T=v t=(T. .-T. , .)/Axx x i,j l-l,J (C.14)
Returning to equations (C.6) and (C.7), the left hand side represents
APPENDIX C FINITE DIFFERENCE APPROXIMATIONS____________________________________________________ _____________ 363
the implicit direction sweep, and its implicit nature means that
upwinding is needed. The right hand side represents the explicit sweep.
In this case the temperatures, boundary conditions and generating
function are known and summed to a vector b in the system [A]T=b s
([H]+[V])T=b. Strictly speaking the right hand side need not to be
upwinded as they are explicit statements. However due to the
formulation of the Peaceman and Rachford split and as [H] and [V] are
required to be the same matrix for each sweep, and the element
is upwinded for equation (C.4) and V. . for (C.5). This necessitates1 > J
upwinding in both the implicit and explicit formulations for the left
hand side and right hand side of equation.
At this point it is worth mentioning how the internal heat
generation function S is handled. The term on the right hand side does
not contain a difference operators on S, so it can be taken outside the
bracket without being multiplied by the temperature. It is then
transferred to the right hand side and added to the other heat
generation factor, which also has been taken outside the bracket. In
effect the heat generation represents an additive constant. The heat
generation factor can also be averaged.
So using the central difference approximations;
T. . , -At[K. ,.T. , . ,,-(K. . ,+K. , ,)T. . ,]/2Ax2(pC)*i,j,n+% l-H.j l-l,j,n+H l-H.J 1+H,J l.j.irtV'
+AtpCu[T.+lj . n+H]/4Ax(pC)*
+AtpCv[T. -T , J / 4 A X O O *  +AtS / 2 ( p C ) *  (C.15)1,J -1,n i,J
h . j .„U-&t[h,j-HTi,j-l,n+r < Ki,j-h+Ki.j+^ Ti.j,n+l)/2Ax2^ C>*
+AtpCv[T1J+1_n+1-TliJ_ln+1]/4Ax(/>C)*
+At,cu[Ti+ii.in+irTi.iijin]/4Ax(,c)* +AtSifj/2(pC)* (C.X6)
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Introducing a short hand notation;
T . . , - (A.. T . .. . , - A - T . . , + A „ T . _ , )i,j,n+h 1 i-l,j,n+h 2 i,j,n+h 3 i+l,j,n+h
i+l,j,n+h i-1,J ,n+h'
=T. . -(C.T. . - -C0T. . +C T. . . ) i.J.n 1 i ,J -1,n 2 i,j,n 3 l.j+l.n'
+E(T. . . -T. . ) + Fi > J+lj n i ,J -1,n
T. . .-(C.T. . . .-C0T. . .+C0T. . . .)l ,j ,n+1 1 l,j -1,n+1 2 l,j ,n+1 3 l,j +1,n+1
+E(T. . . --T. . - .)i,j+l.n+l i ,J -1,n+l'
-T. . -(AT. . . .-A0T. . .+A„T. . . _)i,j,n 1 l-1,j ,n+1 2 l,j ,n+1 3 i+l,j,n+l
+B(T. . -T. . . . ) + Fi+l,j,n+l l-l,j,n+1
where;
A l=Ki-h j At/2 (pC) Ax* 2
A3=Ki+?^  At/2(pC)"Ax
A 2=A i+a 3
B=pCvAt/4Ax(pC)
* 2
cr Ki At/2(pC) Ax 
°3-KiiJ+HAt/2(pc)*Ax2
C2"C1+C3
E=pCuAt/4Ax(pC)
F=AtS/2(pC)*
Collecting terms,
(-A.-B)T. . . ,+(1+A )T. . , +(-A0+B)T. . . ,1 l-1,j,n+h 2 l,j ,n+h v 3 ' l+l,j ,n+h
=(C1+E)T. . . +(1-C )T. . +(C_-E)T. . . +F1 i,J-1,n 2 i,j,n 3 i,j+l,n
(-C.-E)T. . . ,+(1+C0)T. . ,+(-C0+E)T. . . .1 l-1,j,n+h 2 l,j ,n+h 3 l+l,j ,n+h
* 2
(C.17)
(C.18)
(C.19)
(C.20)
(0 . 21)
(C.22)
(C.23)
(C.24)
(0.25)
(0.26)
(0.27)
:(A +B)T. . . +(1-A0)T. . +(A,-B)T. .. +F1 l.J-i.n 2 i.J.n 3 i,J+l,n (C.28)
Without loss of generality consider equation (C.17) only. The physical 
parameters A^, A^ and A^ are always positive as the thermal 
conductivity is always positive. By preservation the self-adjointness 
in thermal conductivity it is possible to consider the convective 
component to be only a function of the fluid velocity, rather than have 
a component of the rate of change in the thermal conductivity. The
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latter may be negative in some cases, and would require additional 
special handling by upwinding. Again making the analogy with 
'upwinding';
. if|pCu|<(* B appears in the (i+1,j),(i,j) and (i-l,j) terms (C.29)
. if pCu<-£"<0 B appears in the (i+l,j) and (i,j) terms (C.30)
. if pCu> C>0 B appears in the (i,j) and (i-l,j) terms (C.31)
Assembling terms for the matrix [H] from the left hand side of equation
(C.17) then the lower diagonal is of the form (-A^-B), the diagonal 
has elements (l+A^+A^) and the upper diagonal has the form 
(-A^+B). In order to have diagonal dominance;
IBI<1 + min(A1,A3) (C.32)
which is the condition;
I pCvI< 4Ax(pc)"'/At+min(2Ki ^_^/Ax2,2Ki+^ ^ / A x 2)-^ (C.33)
Assembling terms for the matrix [V] from the right hand side of 
equation (C.17), the lower diagonal is of the form (C^+E), the 
diagonal has elements (1-C^-C^) and the upper diagonal has the form 
(C^-E). In order to have diagonal dominance;
IEI<-1 + max(C1>C3) (C.34)
which reduces to the condition;
|pCu|<-4Ax(pc)*/At+ max(2Ki ,2K± ^ n_^/Ax2)=f2
(C.35)
So the finite difference equations are modified to;
Ti-1,j,n+h 
+Ti,j,n+h
+T
■ -A1- b" if IpCu|< h
-A1 if pCu <-ci<0
-A1-2B if 0 < rx<pcu
'i+a 2 if |pCu|< h
l+A^ -2B if pCu <- (—1 A
 o
1+a2+2B if 0 < C1<pGu
~A3+ B' if |pCu|< h
"A3+2B if pCu <-f <0
k. if 0 < f <pCu
i+1, j , n+h
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+T i,j ,n
+T i+1,j,n
+F
r Cx+ El
ci
C
fl-C
1+2E
-C2+2E 
1-C -2E 
C3- El
S-2E
if |pcv|< r2
if pCv <-^2<0
if 0 < ^2<pCv
if |pCv|< 
if pCv <-^2<0 
if 0 < $"2<pCv
if |pCv|< $*2 
if pCv <-^2<0 
if 0 < f <pcv
(C.36)
Assuming At is large so that the first term on the rhs of equations
(C.33) and (C.35) approaches zero, the upwinding criterion becomes
IpCvI<2K/Ax (C.37)
- 3 1 1For representative values of p=1000 kg m , C=4184 J kg °K ,
“8 “1 X Iv=10 m sec and K=2 W m °K then (C.37) is satisfied if 
Ax<100 metres. This illustrates that it is always possible to refine 
the grid spacing so that upwinding is not needed. However this means 
more computations need to be undertaken and on occasions this added 
computational effort may be too large. Consequently this means in 
dealing with a large physical system it is often necessary to use 
upwinded approximations. Note that (C.37) resembles the Fourier Number 
Fo, see equation (6.68).
Upwinding is applied on a point (or node) basis, where each node is 
checked as to the most appropriate finite difference approximation. 
Upwinding is either a forward or backward difference approximation and 
is of a lower accuracy and can lead to numerical diffusion and hence 
inaccuracies. Unfortunately the alternate sweeps in the ADI method tend 
to smear these errors through the whole system. Consequently upwinding 
should be avoided when at all possible. Central differencing (or no 
upwinding) is the preferred option as it ensures better accuracy and 
minimizes numerical diffusion. Upwinding at a particular node need not 
be applied for a whole calculation. In other words the application of
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upwinding should be a dynamic process where each node is tested at each 
iterative step. A major problem arises from the initial conditions, 
recall from section (6.3) that in the solution to the stream function 
there is often a need to initially 'push' the system, as the source 
term or driving function is of the form dp/Ax. As an approximation to 
the final state this initial condition may be an overestimate of the 
final velocities. The initial velocities may require upwinding whereas 
a final solution may be derived with no upwinding at all. Thus there 
needs to be flexibility in the formulation to swap pointwise and 
gridwise from upwinding and non upwinding, depending on local and 
broader system dynamics. Note that there is no restriction on the time 
step, so to a certain degree the non upwinding case where the grid 
needs to be finer can be compensated by a large time step. This fact 
represents the major advantage of the ADI formulation over the explicit 
methods. Even though the need for upwinding can be removed with the use 
finer mesh, any mesh is suitable with upwinding.
Parabolic Conservation Theorem - Temperature
Instead of starting with the partial differential equation and making 
the finite difference replacements, it is possible to develop a finite 
difference equation via the principal of conservation of energy. The 
conservation theorem can be summarized as;
2(flux out)=2(flux in)+SSV+S(flux change)
In practice this is applied by developing the conservation theorem for 
the steady state case and then apply it to the transient case, so the 
above expression simplifies to;
S(flux out)=£(flux in)
For the elementary volume show in Figure (6.1) define the boundary 
of the element as the midpoints and assign the physical parameters 
within the element to be constant. The heat flow in either the vertical
or horizontal direction is of the form;
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Q=-K3T+pCuT (C.38)
So the two dimensional conservation theorem requires that;
-K. .a t |. .+u . .t . .-k . . a t |. . +v . . t .
i - . J  x ' i - , j  i - , J  i , J  i , J -  2 i , J "  L-J-  i , J  
=-K. .a t |. .+u . .t . .-k . . a t |. . +v . . t . . (c.39)1+,J X 'l+,J 1+,J 1,1 1,1+ Z »1,1+ 1,1+ 1,1
Now using the fact that a u+a v=0 the T. . terms can bex z i,i
eliminated, and as before use the values for K. . etc as in equationi- > J
(C.10) and (C.10). To get;
-K. .a T|. .-K. . a TI.l- ,1 x 11 - ,i i,i - z 1 i,i -
=-K .a t I .-K. . a t |. .,1+,1 X '1+,1 1,1+ z 11,1+ (C.40)
Where the regions are defined in Figure (6. 1) So now express
a 2 T I . . in terms of T. . . and T. .,a2 t |x 'i-,l 1-1,1 1,1 x 1. . ini+,J
terms of T. . . and T. ., 3 t |. . in terms of T. . . and1+1,1 1,1 z ' i , i -  1,1-1
T. .,and a TI . . .  in terms of T. . . and i,l z 'i.l+l 1,1+1 T . .. From the i,J
Taylor series expansion ;
t . . ,=t . .-a t |. .Ax+a2 t |. .hAx21-1,1 i,J x 1 1 - ,i X 1 1 - ,i (C .41)
T . . .= T . . + 3 T | .  .Ax+a2 Tl. .HAx2 1+1,1 i,l x 1+,i x 11+,i ( C .42)
t . . = t . .-a t |. . Ax+a2 t I. . h a x 2 (0.43)
t . . = t . .+a t |. . Ax+a2 t |. .+2a x 21,1+1 1,1 x 1,1+ z 1 , +i (C.44)
From which ;
a 2 Tl. .=2( T . . .-T. .+3 Tl. .Ax)/Ax2x 'i-,i 1-1,1 1,1 x 1i -,1 (0.45)
a2xT li+ j - 2 <T i+ i o - T i o - ^ T U j Ax)/Ax2 ( C .46)
a2zT li ,j .-2(Ti>j.i-Tl i .+azT | i i ._Ax)/AX 2 (0.47)
a2zT li,j+"2( T l.j+l'T i.j'axT U , j + Ax)/&x2 ( C .48)
Put these values into the heat flow equation;
(pc)*a T=xa2 T-pCua T+xa2 T-pCva t+st X  X z z
and solve for expressions of; 3 T|. ., 3 T|.x 1 “ , 1 x i+ > 1
and azT|± . Using the one dimensional analogue;
(pc)kd T=xa2 T-pCua t+s
(C.49)
a t |. . z 'i,l-
(C.50)
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-(pCu). .3 tL . +s. .1- , J  X 1,J (C.51)
a T|. ,=(2K. ./Ax 2)(T. . .-T. .)-((pC)X). .3 T+S. .x i-.j i-,.r i-i,.1 i,.r i.i t i,.i
In a similiar way ;
((-2K /Ax)+pCu) > J
8 T| .=(2K ./Ax2)(t .-T. .)-((pC)*). .3 T+S. .x 1+-J i+,r i+i.i i,.i i,i t i , 1
(( 2Ki+ /Ax)+pCu)
3 T|. . =(2K. . /Ax2)(T. . --T. .)-((pC)*). .3 T+S. . z 'i,j- i,j-' i.J-l i,J i,J t 1,J
(C.52)
(C.53)
((-2K /Ax)+pCv)1 y J
azT li.j+-<2Ki,j+/A-2>CTi,j+j-Tl,j^(^ C5*>i,jatT+Si,j
(C.54)
(( 2K . /Ax)+pCv) (C.55)1 > J +
The factors of the form l/(2K/Ax-pCu) are familiar from the 
considerations of upwinding discussed previously. However on this 
occasion there is a singularity at 2K/Ax=pCu. There is also the added 
problem of maintaining the sign of the denominators. Generally these 
problems can be overcome to some extent by limiting the system to low 
velocity flows with 2K/Ax>|pCu|. This may be dynamically impossible for 
there is still the problem at the initial condition as the velocity 
field 'push' may be too high. Effectively this means the formulation 
has an upper limit with respect to the Rayleigh Number of the system. 
This is sometimes a hindrance when checking code with other published 
results. The condition above ensures diagonal dominance and so the 
solution can be obtained via the Thomas Algorithm.
Making the short hand substitutions
a=2/Ax2 (C.56)
7, =aAx-((pCu). ./K. .) (C.57)lx 1>J 1_.J
^z-aAx-apCv). . / ^ .  ) (C.58)
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72x-QAx+ ((pCu). ./Ki + J )
72z-aAx+((pCv)i J /K. .+)
Returning to the principle of conservation of energy
(QKi-,j(Ti-l,j'Ti)'((pC)*)i,j)atT+S)/("rlx)
+ (aKi,j-(Ti,j-rTi)'((/’C)*)i,j)3tT+S)/("rlz)
“ (“Ki+,J(Ti+l,j-Ti>-(^ C)*)i,j)3tT+S>/< W
+ (aKi,j+(Ti,j+rTi)-<</,c)*)i,j)3tT+s)/( (c-61)
Let;
(C.59) 
(C.60)
73=((pC)i J ) d / 7 lx+l/7lz+l/72x+l/72z) 
and using the time differencing approximation;
(0.62)
(73/At)(T.J k -T.
['(aKi-,j/7ix)'(“Ki,j-/-rlz)
-(aKi+lj^ 2 x )-(aKi,j+^ 2 Z)1Ti,j,k
+ (aKi+,j/72x)Ti+l,j ,k+(aKi,j+/'l'2z)Ti,j+l,k 
+ (aKi- ,j/rLx)Ti-l, j ,k+(aKi, j -/'Ylz)Ti,j -l,k
+(S. ,7,/((pC) ) )
 ^’ J D > J
(C.63)
(C.64)
This formulation illustrates that upwinding cannot take place as it
would mean that one or more of the off centre point coefficients is 
zero. This is not possible with the Thomas Algorithm solver as it 
requires that a^c^=/0. However, upwinding can be achieved if the 
Thomas Algorithm is replaced as the main solver. The only possibility 
is to use the requirement that 2K/Ax>pCu. Note that this does not 
differ from the previous case. Applying the following short hand 
notation and collecting terms;
A=(aK. ./yi- ,j
B-(aK _/7
C=(aK. h  -L’t" > J
D=(aK1 J + /7
lx
lz
2x
2z
)
)
)
)
(C.65) 
(C.66) 
(C.67)
(C.68)
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So [H]=tri( - A, A+C , - C) , [V]=tri( - B , B+C , -C) , P=('Y3/2At)
Elliptic Direct Replacement - Temperature
Starting with the heat flow equation;
Using the split [A]=[H]+[V], we need to solve the system
([H]+p[I])Tn+1S=b-([V]-p[I])Tn
([V]+p'[I))Tn+1-b-([H]-p'[I])Tn+H
(C.71)
(C.72)
where p>0 and p '>0 are the acceleration (convergence) parameters,
(discussed Appendix D) , and [H] and [V] are the matrices derived from 
the coefficients as before. Now in order to get the acceleration 
parameters the eigenvalues are needed, and in the definition of these 
acceleration parameters a square root value of the product of the 
eigenvalues is used (Young, 1971). Now if the eigenvalues are positive 
then there is no problem, but if one is less than zero this means the 
acceleration parameters may be complex. This problem is avoided if the 
matrix is strongly diagonally dominant.
There is no requirement that both matrices be the same for each 
pseudo-time step, and if a different acceleration parameter is used 
they will always be different.
Elements for [H] and [V] are derived from;
H=<5 (K 8 ) -pCu6 +S/2 (C.73)x x x  x
(C.74)
Using (C.7) and similiar form of (C.29-31)
pcuyr-(pCu/2Ax)(T. -T\_ ) if |pCu|<f
-(pCu/2Ax)(2T -2T ) if pCu <f<0
(C.75)
(C.76)
= (pCu/2Ax) (2Ti . -2Ti 1 .) if pCu >(*>0 (C.77)
Using the shorthand notation and then collecting terms;
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CX1=Ki-^j
CX2=Ki+^, j
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(C.78) 
(C.79)
CZ1=K i,j-^
CZ2=K. . .
VX=(pCu/2Ax)
VZ=(pCv/2Ax)
(C.80) 
(C.81)
(C.82) 
(C.83)
CXI + VX if |pCu|< ^
Ti-1 ,j.* CXI if pCu <-f <0
L CXI +2VX if 0 < ^ < p C u
rp-(CX1+CX2) if 1pCu|<
+T p-(CX1+CX2)+2VX if pCu <-f <0
p-(CX1+CX2)-2VXJ if 0 < f <pCu
CX2 - VX if |pCu|< C1
+T i+1 ,j,* CX2 -2VX if pCu <-f <0
CX2 if o < r ^ p c u
-CZ1 - vz' if |pCv|< c2
=T i j - l -CZ1 if pcv <-r2<o
-CZ1 -2VZ^ if o < r2<pcv
p+(CZl+CZ2) if |pCv|<
+T . . i.J p+(CZl+CZ2)-2VZ if pcv <-r2<o
p+(CZl+CZ2)+2VZj if o < r2<pcv
-CZ2 + vz' if |pCv|< C2
+T i+1 , j -CZ2 +2VZ if pCv <-r2<o
-CZ2 if o < r2<pcv
+S (C.84)
Elliptic Direct Replacement - Stream Function
The finite difference approximation of the stream function is
achieved in a similar way to the temperature function. Starting with:
(1+k /k )d 2V>+(l+k /k )d 2V>X Z X z x z
+(-p/kzax(kz/p)+kx/pax (p/kz))3xv>
+(- m A  a (k /p) +k //za (p/k )) aX  Z  X  A  Z  A. a
=((k +k )/p)ga p (C.85)
X Z X
It is again noted that as the forcing term on the right hand side
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contains only the x derivative of the density, the buoyancy term. 
Consequently there is often the need to push the system to a solution 
with an initial guess so that a stable convecting solution may occur. 
There is also the problem of anisotropic permeability. Due to the 
coefficients for the second partial derivative we will always have 
diagonal dominance for the isotropic case, and if /j is constant.
However in the anisotropic case one split will always be dominant 
whereas the other may not. Due to the effective range and rate of 
change in the permeability and the anisotropy, (it can be several 
orders of magnitude), the diagonal dominance is severely inhibited in 
the general geological case. Hence the need to upwind and to do it 
often. As with the temperature case upwinding is done on a point by 
point basis, not on a line or block basis. This is possible as we are 
using only second order upwinding on a five point approximation.
As before approximate and split the finite difference approximation 
on the basis of
([H]+?[I])^n+H-b -([V]-p[I])Vn (C.86)
([V]+p'[I])Vn+1-fe - < [H]-p' [l])i>U+h(C. 87)
where [H] corresponds to the x direction derivatives, [V] the z 
direction derivatives and the vector (or lxN matrix) b contains the 
boundary conditions with the addition of the internal driving force 
where appropriate. Again making some shorthand substitutions
A=(1+k /k ) x' z (C.88)
B=(l+k /k ) z X (C.89)
c=-(M/k ) d  (k A O + ( k  / n ) d  (/i/k )
X. X X Z
(C.90)
D=-(/z/k ) d  (k //i) + (k / H ) d  (/i/k )
X Z a X X X X
(0.91)
E=((kx/kz)/^)SaxP (C.92)
Note that in the following discussion that irrespective of whether or
not central differences or upwinded forward or backward differences are 
used for the first partial derivatives of the stream function that
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central differences are used for the partial derivatives in equations 
(C.90-92). As before average the physical constants between nodes, this 
being equivalent to the upwinded values in any case. Again the 
averaging preserves to some extent the self-adjoint nature of the 
coefficients. Thus;
For the time being let us make the central finite difference 
approximations for the partial derivatives of the stream function.
x z x z (C.93)
(C.94)
Then collect terms, upwinding as shown in (D.84)
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Transient Case
The parabolic equation is solved in the case of the transient 
temperature problem or in the case where Neumann boundary conditions 
are specified. In both instances a solution at a certain time is 
required either at a steady state or when certain convergence criterion 
are met, or at a specific time after a specific number of iterations at 
a fixed or variable time stepping. In the numerical approximation there 
are two requirements that have to be met. The first and foremost is 
that the solution be as accurate and precise as possible and the second 
is that the iterations or computer time spent to get to that solution 
be minimized. This section discusses these two points and interestingly 
enough it shows that there is an interplay between the two together 
with a possibility to use optimal parameters to achieve both 
requirements at the same time.
There is an optimal ratio for the conduction case where both 
the error and iteration number is minimal. This value gives an 
iteration number which is a little larger than the iteration number 
used for the elliptic problem (if the problem requires a steady state 
solution), but is of the same order of magnitude.
For any given grid, when dealing with dimensional parameters there
is an interplay between the time step and grid step that is often
obscured in dimensionless analysis. In the example shown in Figure
(D.la) for any given convergence parameter a, defined as 8 in equation
-3(6.69),in this case a=10 for reasons which will become obvious
later, then with increasing At the convergence rate decreases. This
relationship is better understood by taking a vertical line
corresponding to a fixed Ax and plot the number of iterations to reach
convergence. Taking Ax=1000 metres, this being the fundamental
increment in modelling in this thesis, and vary At, a plot of iteration
2number versus At/Ax is given in Figure (Dl.lb). Note that there is a
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minimum in the curve. That is there is an optimal w=wc "where the 
number of iterations to reach a steady state solution is the least.
This minimum corresponds to the inverse of the average thermal 
diffusivity of the system.
u>c=l//c=pC/K=At/Ax2 (D. 1)
If the error, as a fraction of the analytical solution for the
analysis from Figure (Dl.lb), is plotted, it falls in a field like that
shown in Figure (Dl.lc). It indicates that for a large Ax large values
of At are needed to reduce the error. Again taking a vertical line
corresponding to a fixed Ax, again corresponding to a value of 1000
metres, an error plot can be calculated, and this is shown in
Figure (Dl.ld). It can be seen that by using a value of that
there is little reduction in the error for a corresponding large
increase in the number of iterations, as seen from Figure (Dl.lb). So
by using the value rapid convergence is assured with an acceptable
error. By decreasing the convergence parameter a there is little effect
on the overall error, which is small anyway. The effect of decreasing a
is to increase the number of iterations linearly, according to the size
-3of the system N up to a=10 and then by 2N afterwards. Consequently 
-3a=10 is the optimal convergence parameter. Of more importance is
the observation that if At is too small and w « w  then there willc
always be a substantial and unacceptable error, in either the steady 
state case or time stepped case: this error cannot be removed by 
increasing the number of iterations or decreasing a. This means that 
the solution will be incorrect no matter how much computer effort is 
put into the computation. On the other-hand if At is too large, 
the error will be small, but the computational effort to reach the 
solution will be unneccessarily high.
Looking at the convective case and conducting the same analysis a 
graph of the optimal parameter u> can be derived similarly, and this is
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shown in Figure (Dl.lf). Note here that there are two minima and a
local maxima. As before the local maximum is u> =l//c. The minima co'c
kand u>' ' correspond to the dominant terms pCvAt/(pC) Ax and 
k 2pCvAt/(pC) Ax . The error in both cases is not the same, and the
acceptable error is as before around So in this case it is again
best to use the w as defined above to reach the solution. Even c
though it is possible to reach convergence more quickly with the use of 
u>' or u' ' as these depend on the maximum fluid velocity, it is 
difficult to predict this value as the computational procedure is 
trying to solve the velocity field.
The velocity field also limits the solution method. If the velocity 
is too large there will be underflows and/or overflows in the 
computation. Whilst these pose no real problem it is wise to be aware 
of them. This is particularly so if the computation uses as input an 
initially 'best guess' stream function field or distribution. If the 
input velocity is too low then conduction will predominate from the 
outset and if no added driving force for the convection from the term 
d^p is initiated then a conduction-only solution will result. If the 
initial guess implies a high velocity field then computational errors 
will result, that is underflows or overflows. This latter requirement 
means that' vr<At/ The value of Ax can always be modifed so that
kcomputation is carried out successfully and the model is not Ra
-11 -9bound. Using v At<Ax then this is optimal for v [10 ,10° max
12m/sec for Ax=1000 metres and the optimal At=10 sec from before then
(0 . 2)
This is shown in Figure (Dl.lg). At the low end conduction 
predominates and at the other end the solution diverges.
Steady State Case
This discussion is taken directly from Young (1971) and is included 
for completeness and also because to some extent using the ADI method
-1 37-, =10 <vAt<10 =7 =Ax1 r
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to solve the general problem is a numerical experiment. In dealing with 
the alternate direction implicit method in the solution of the elliptic 
problem to solve the system
[A]T=b (D. 3)
The matrix [A] is split into [A]=[H]+[V] and the Peaceman-Rachford 
equations to be solved are
([H]+p[I])Tn+4-b-([V]-p[I])Tn (D.4)
C [V] +P [I ] )Tn+1=b- ( [H] - 3 [ I] )Tn+^ (D.5)
p and p are the acceleration parameters, and in the general case are 
different. By a suitable choice of p and p convergence is not only 
assured but rapid. It is a requirement that [H]+p[I] and [V]+p[I] are 
non singular for all p , p > 0, as [H] and [V] are tridiagonal, or can be 
arranged to be so by a permutation of the rows and columns. Now [H] and 
[V] correspond, in a five point approximation, to the x direction and z 
direction respectively, and if they are diagonally dominant then they 
are also nonsingualar for any p , p > 0. In the general case [H] and [V] 
are not commutative, that is [H][V]=/[V][H], neither are the 
eigenvalues the same if there is any anistropy in the physical 
parameters. Let p be the eigenvalues of [H] and u be the eigenvalues of 
[V] and let them fall in the range,
0<a<//<b , 0<a<u<ß (D . 6)
Assume that the ranges are different and p and p are required to be 
different. Then, by Wachspress (1966), new variables can be introduced 
to a case of a single range and so p and p can be calculated, If the 
new range is r<p ,i><R then for R=1.0, this ensures that the Trace is 
less than one, then,
0=2(£-a)(b-a)/[(a+a)(b+y0)] (D.7)
c=l/[(1.O+0+{0(2.0+0))h ] (D.8)
Rs= [ (j0-a)-(b-a)]/[(b+0)-(a+a)c] (D.9)
Rq=^ s[ (b+/0) + (b-/3)Rs] (D.10)
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P=*s[ (b-/3) + (b+/3)Rs ] (D.ll)
So the optimum parameters for the common range are 
a  h hp^ =p^=(rR) =c and the actual parameters are 
p=(-p+Rqc 2)/(1.0-Rsc 2) 
p=(p+Rqc 2)/(l.0+Rsc 2)
(D.12)
(D.13)
There is problem with the above formulation as c can be a complex 
number if 6 lies between 0 and -2.0, see equation (D.8). This is often 
the case when either of the lower bounds of the eigenvalues is 
negative. Negative eigenvalues occur when there are sharp contrasts in 
the internal physical parameters, more often than not due to 
permeability contrasts which can be as high as four to five orders of 
magnitude. The location of the nodes which give rise to negative 
eigenvalues is difficult to predict as not only does it depend on the 
magnitude of the contrast but on how deep in the physical system the 
contrast is. Young (1971) states that the theory dealing with ADI 
methods is incomplete and that only numerical experiments can ascertain 
whether or not the method converges to a solution. Young (1971) also 
gives an example of a system that contains a negative eigenvalue which 
does converge to a solution. Following this example, then eigenvalue 
ranges [a,b] and [a,ß] are selected from only the positive eigenvalues. 
In this case the iteration parameters are not optimal, however they are 
thought to constitute 'good' iteration parameters.
Tuning
In some cases it is required to push the temperature and velocity 
field so that a convective system will be established or to establish 
an initial condition that is a reasonable close approximation to the 
final steady state (so minimising computational effort). This is 
particularly so in the homogenous case where horizontal isotherms lead 
to 3^p=0 and so the driving force is zero. Even though the Ra for the
system may be over the critical value convection will not be evident as
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the numerical method will no pick this up. If the push is too slight ,
actual velocities less than about 10 ^  m sec \  this will also
fail to pick up the convection. If the initial stream function field is
too large then there will be errors associated with vAt>Ax, as
discussed above. From the results of Combarnous and Bories (1975) for
Ra=60 then xb =2.8, so for a dimensional system if the central max
maximum stream function value is \b -Kib/UpC the velocity fieldmax J
should be reasonable and acceptable if Ax is large enough. Similar 
analysis can be derived from other published examples.
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Exmouth Plateau thermal geohistory: implications for
further exploration
M G Swift, D A Falvey, T Graham, & H M J Stagg, BMR
The Exmouth Plateau is a subsided continental fragment, lying off the Northwest 
Shelf at water depths of 900 to 2000 metres. It formed as part of the 
continental margin in the Late Jurassic and Early Cretaceous by continental 
breakup and seafloor spreading in the Argo, Gascoyne and Cuvier Oceanic Basins. 
The plateau contains a thick sedimentary section with many large structures. 
These were actively explored during the late 1970's and early 1980's. No 
significant discoveries (except for the Scarborough gas field) were made and 
exploration activity is dormant (Fig. 1).
The large number of available reports on petroleum exploration wells on and 
adjacent to the Exmouth Plateau has facilitated a comprehensive thermal 
geohistory analysis with a view to understanding the relative timing of 
maturation and structure. This analysis was combined with seabed heatflow data 
recently acquired aboard R/V Rig Seismic over the Exmouth Plateau and has led to 
a reappraisal of the region's petroleum potential. The lack of significant
liquid hydrocarbons is attributed to insufficient burial and under-maturity of 
post-Triassic sediments; and a high pre-breakup heatflow regime causing
over-maturity of Early Triassic and older sediments at the time of rift- 
faulting, with consequent escape of any liquid hydrocarbons originating in these 
older sediments.
Present day heatflow, derived from the corrected bottom-hole temperature of most 
wells on the plateau, showed a good agreement with the seabed heatflow values 
determined by measurements made from R/V Rig Seismic. This has allowed 
construction of a sketch contour map of heatflow over the southern portion of 
the plateau and part of the adjacent shelf (Fig. 1).
2Heatflow data indicate a relative heatflow high of 80 mW/m (1.9 heatflow units)
over the Barrow Sub-basin with a gradual decrease to the centre of the plateau,
2where the heatflow almost reaches a low of 20 mW/m (0.5 h.f.u.). This 
anomalously-low value is probably not representative of crustal heatflow. The 
Barrow Sub-basin was a major depocentre from Early Triassic to Late Jurassic, 
when active graben development ceased. Unlike the plateau margins to the 
southwest, northwest, and northeast where the anomalous transient thermal effect 
associated with a spreading centre has long been removed by seafloor spreading,
he effect of heating beneath the Barrow Sub-basin may well have persisted, 
eaving a residual anomaly to the present day. At the site of thick late 
alaeozoic and early Mesozoic sedimentation there may also be a contribution 
rom radiogenic sources in these sediments. Thermal geohistory analysis 
uggested that the regional heatflow distribution has probably not changed 
ppreciably, apart from a monotonic post-breakup thermal cool-down from 160 Ma
.p.
ieneral geotectonic theories suggest that in the rift phase of continental
largin evolution, leading up to the time of continental breakup, heatflow would
ise. The magnitude of this rise is model-dependent and was not the subject of
.ny detailed analysis in this area. Suffice it to say that anomalous heatflow
2fas projected to be up to 40 mW/m (1 h.f.u.)
sample geohistory analysis for a typical plateau well (Jupiter-1; Barber, 
982) is shown in Figures 2 and 3. Subsidence and maturation is analysed for the 
liddle Triassic to Recent section. Initially rapid deposition is indicated, 
leclining through to the Middle Jurassic, at which time breakup occurs and 
ifferential subsidence gives rise to erosion of Lower Jurassic sediment. Rapid 
>ost-breakup subsidence takes the plateau surface to bathyal water depths by the 
■nd of the Jurassic. Cretaceous to Recent deposition is all in deeper water and 
•elatively thin. Taken together with declining heatflow, Triassic bed temper- 
tures actually fall after breakup. Maturation levels become essentially set, 
eading to an over-mature setting below the Middle Triassic and an under-mature 
etting above the breakup (Callovian) unconformity. The aim of the present study 
s to identify those areas of the plateau where Middle Triassic through Early 
urassic sediments are thinner and thus not over-mature before breakup and/or 
here a post-breakup heating through anomalous heatflow and burial causes a 
ater stage of maturation.
Figure 1 Exmouth Plateau region showing present day heatflow pattern 
derived from marine heatflow data (location shown by black 
dots) and well data.
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A FINITE DIFFERENCE METHOD FOR 1-DIMENSIONAL GEOHI STORY ANALYSIS
by
Michael S w i f t
Thermal geo h is to ry  ana lys is  is  a method whereby s t r u c t u r a l ,  subsidence, 
o i l  matura t ion and temperature h i s t o r i e s  can be ca lcu la ted  from a sedimentary 
s ec t ion .  The thermal c a l c u la t i o n s  have u s u a l l y  depended on a v a r i e t y  of  
a n a ly t i c a l  s o lu t i o n s  f o r  the heat f low equa t ion .  While t h i s  approach is  
adequate f o r  a ' f i r s t  lo ok '  in a region o f  s imple geo log ica l  and thermal 
development i t  is  not  a p p l i c ab le  in the general  case because o f  the 
assumptions and s i m p l i f i c a t i o n s  requ ired to  de r ive  the d e s c r ib in g  a n a ly t i c a l  
fu n c t io n s .
The hea t f low  equat ion i s  a l i n e a r  pa ra b o l i c  p a r t i a l  d i f f e r e n t i a l  
equat ion o f  second order  and in one space dimension, f o r  a compacting 
sediment i t  i s  descr ibed by:
The f i r s t  component on the r i g h t  hand side is the conduct ive  component, 
the second is  the advec t ive  component and the t h i r d  the c o n t r i b u t i o n  o f  heat 
due to r a d io a c t i v e  decay. As the equat ion is  t ime dependent i t  requ i res  both 
an i n i t i a l  c o n d i t io n  and subsequent t ime dependent boundary c o n d i t i o n  fo r  
s o lu t i o n .  A n a l y t i c a l  s o lu t i o n s  to  the equat ion above g e n e ra l l y  r e q u i re  tha t  
basement hea t f low  as a fu n c t io n  of  t ime be known and t h a t  i t  v a r ie s  s low ly  
w i th  respect to  the d i f f u s i o n  t imesca le o f  the sedimentary s e c t io n .  Fur ther  
the advect ive  component is  neglected and so e l im in a t i n g  the dynamic 
development o f  the sedimentary sec t ion ,  and f i n a l l y  the remaining conduct ive 
f a c t o r  is s i m p l i f i e d  by f i n d i n g  an average thermal c o n d u c t i v i t y .  In a l l  the 
i n i t i a l  and boundary c o n d i t io n s  may not be at  a l l  r e p re s e n ta t i v e  o f  the real
geological picture. The most feasible method to solve the transient heat 
flow equation in the general cast is by numberical methods. It is easy to 
replace the partial differential equation of heat flow by a finite difference 
equation using the backwards implicit method. The solution is well posed, 
consistent, convergent and stable and only suffers from truncation errors. A 
non-uniform mesh can be used to form the grid on the area where the physical 
parameters change rapidly and as the method requires the solutions of 
simultaneous linear algebraic equations where the matrix coefficient is 
tridiagonal it is easy to solve by Gaussian elimination, which has good round 
off characteristics. In comparing and contrasting the solutions by 
analytical and numerical methods there is little difference in simple cases. 
However in the general case the effects of sedimentation, variation in 
background heatflow, advection and changes in intial conditions such as the 
conductivity profile can produce marked differences. Notable, sedimentation 
reduces subsurface heat flow and so delays oil maturation, there is also a 
time lag between background heatflow changes and the heatflow within the 
sedimentary section. The size of the lag depending on whether the variation 
takes place at basement depths or at the base of the crust or the base of the 
lithosphere. Heat transfer by advection is marked in highly porous rocks and 
the conductivity profile has a direct influence on the sediment temperature.
To summarize the benefits of the numerical approach, it has greater 
versatility in dealing with complicated space dependent variables such as 
thermal conductivity, porosity, density, heat capacity as well as time 
dependent boundary conditions such as background heatflow, and surface 
temperature. The dynamic processes active in the development of a sedimentary 
section, such as compaction, water advection, sedimentation rates are all 
considered when calculating the thermal history of the sedimentary column.
Heat Flow Regime and Implications for Oil 
Maturation and Migration in the Offshore 
Northern Carnarvon Basin.
M. G. Swift* 1»2, H. M. J. Stagg1 and D. A. Falvey1
Abstract
The present day heat-flow distribution in the 
Exmouth Plateau region has now been compiled from 
74 direct seabed measurements on the plateau and over 
the Kangaroo Syncline, and from bottom hole and 
seabed temperatures of 23 offshore oil exploration wells 
on the plateau and in the Northern Carnarvon Basin. 
The observed heat-flow pattern is relatively simple. 
An area of high heat-flow (of the order of 90 mW/m2) 
occurs near Barrow Island, and decreases westward 
to a moderate to very low heat-flow (as low as 
17 mW /m2) over the Exmouth Plateau Arch in the 
centre of the plateau. The overall average for the region 
is 54 mW /m2, which is close to the world average for 
continental crust. The magnitude of the heat-flow low 
indicates that some process is diverting heat away from 
the Exmouth Plateau Arch. Modelling suggests that 
there is both a conductive component and convective 
component to the heat transfer within the sedimentary 
section. It is concluded that there is upwelling of pore 
fluids in the high heat-flow regions and a corresponding 
downwelling in the low heat-flow areas. The heat-flow 
pattern is used to draw implications for thermal history, 
thermal geohistory analysis, oil maturation and 
migration.
Introduction
Evaluation of the present day surface heat-flow 
regime is relevant to studies of regional tectonic 
evolution and maturation history of hydrocarbon
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source rocks. Reliable marine heat-flow data on 
continental margins, however, are difficult to collect 
because of seawater circulation and consequent 
temperature fluctuations in the surface sediments of the 
shallow shelf and the generally steep continental slope. 
If, however, a plateau or terrace interrupts the normally 
sharp transition across a margin and little evidence of 
ocean current activity is present, then in principle it 
should be possible to obtain heat-flow data from the 
region using the same methods as deep sea heat-flow 
surveys. The Exmouth Plateau region satisfies these 
morphological and oceanographic criteria. There are 
also ample high quality seismic reflection data and 
geological information on open file that support a 
detailed interpretation of heat-flow data.
In 1986 the Division of Marine Geosciences and 
Petroleum Geology of the Australian Bureau of 
Mineral Resources, Geology and Geophysics acquired 
an extensive set of 30 marine heat-flow values over the 
Exmouth Plateau during two cruises of the research 
vessel Rig Seismic (Choi et al., 1987; Exon et al., in 
prep.). A further 44 heat-flow stations were occupied 
in early 1987 during a survey by the Australian National 
University, Department of Geology aboard the CSIRO 
research vessel Franklin, (Edwards, 1987; Swift et al., 
in prep.). This paper presents a heat-flow map of the 
Exmouth Plateau and North Carnarvon Basin based on 
all the available data. The heat-flow pattern, in 
conjunction with regional geology and tectonic theory, 
is used to test various thermal models for margin 
development. Comparison is also made between 
seabed-measured heat-flow and heat-flows calculated 
using thermal geohistory analysis, based on exploration 
well data.
The major conclusion that can be drawn from the 
heat-flow pattern is that the region is generally 
characterised by a high surface heat flow upon which 
is superimposed a large heat-flow low over the 
Exmouth Plateau Arch. The magnitude of this heat- 
flow minimum is such as to indicate active transport 
of heat away from the area. Indeed, higher than average 
heat-flow might have been expected in this locality as 
it is both a structural and topographic high. The overall 
average surface heat-flow for the region is 54 mW/m2,
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Figure 1: Location map and regional geology of the Exmouth Plateau region (after Exon & Willcox, 1980).
which is close to the average value for continental crust.
There are two possible explanations for the surface 
heat-flow pattern. The first requires a major heat source 
below the regional heat-flow high, with some associated 
convection. The second explanation is that the surface 
heat-flow pattern is wholly due to a major sub-surface 
convection system. In either case, the lateral variation 
of heat-flow and convective fluid movement have major 
implications for oil maturation and migration, and 
these are examined. Some comments and refinements
on current thermal models for sedimentary basins are 
also made.
Regional Geology
The regional geological setting of the Exmouth 
Plateau is shown in Figure 1. The plateau is believed 
to be underlain by Precambrian basement, capped by 
faulted and gently folded Permian to Cretaceous clastic 
and detrital sediments, with a thin cover of Tertiary
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deepwater carbonates. The sedimentary column 
contains classic “passive margin” pre-rift, rift, and post­
rift sequences, complicated by the two separate episodes 
of breakup along the margins - Late Jurassic in the 
north, and Early Cretaceous in the northwest and 
southwest. The basic structure of what was to become 
the Exmouth Plateau was initiated by rifting during the 
Triassic and Jurassic, prior to seafloor spreading 
episodes in the Argo Abyssal Plain (Jurassic) and the 
Gascoyne and Cuvier Abyssal plains (Early 
Cretaceous). The structure, sediment distribution, and 
geological development of the Exmouth Plateau region 
is now well docum ented, with the geological 
development of the plateau having been summarised by 
Exon et al. (1982) and Exon and Willcox (1978, 1980). 
The following is a brief summary of the geology and 
tectonic development of the plateau, and its relevance 
to the heat-flow study.
At least 3000 m of predominantly paralic and 
shallow-m arine detrital sediments (M ungaroo 
Formation and its equivalents) were deposited between 
the first onset of rifting, in the Permian, and the Middle 
Jurassic. The Late Triassic to Middle Jurassic 
sediments are considered to have been deposited in a 
north-facing embayment in Gondwanaland. Steady 
subsidence north of an east-west hinge line allowed the 
accumulation of several thousand metres of Lower and 
Middle Jurassic carbonates and coal measures prior to 
breakup in the north (Exon & Willcox, 1978). During 
this period, the central part of the plateau was subjected 
to intermittent erosion. The first phase of continental 
margin formation occurred along the northern margin 
in the Callovian ( — 155 Ma) when seafloor spreading 
started in the Argo Abyssal Plain at about anomaly M- 
25 time (Larson, 1975). Breakup finally occurred along 
a series of rift and transform segments, with the 
geometry of the northern plateau being further 
complicated by northeast-trending Callovian horsts 
and grabens. Thomas and Smith (1974) suggested that 
the Rankin Trend is the remnant of a failed rift arm 
that was initiated in the Callovian. Subsequent to this 
first phase of breakup, about 1000 m of shallow-marine 
and deltaic detrital sediment, derived from the south 
and east, covered the block-faulted surface during the 
Late Jurassic and Early Cretaceous.
The northwest and southwest margins formed 
simultaneously during the Neocomian when seafloor 
spreading started to move ‘Greater India’ to the 
northwest; this event coincided with a drop in sediment 
supply to the nascent Exmouth Plateau. Analyses of 
dredge samples by von Stackelberg et al. (1980), Colwell 
and von Stackelberg (1981), and von Rad and Exon 
(1983) have shown the Exmouth Plateau to be relatively 
sediment-starved following this second phase of 
breakup. The major structures underlying the Exmouth 
Plateau and adjacent shelf (the Exmouth Plateau Arch, 
Kangaroo Syncline, and Rankin Platform) all have 
similar trends to the NW margin, suggesting that the 
second spreading phase was the more significant in the 
structural history of the plateau.
The Rankin Trend was reactivated in the Hauterivian 
during this second phase of breakup. In an alternative 
interpretation, Veevers and Cotterill (1976, 1978) 
hypothesised that the Exmouth Plateau was the 
remnant of an inter-arch basin in a dual-axis rift system, 
similar to the East African rift system. They further 
argued that the inner rift (the Rankin Trend and the 
Barrow-Dampier sub-basins) extended southwest- 
wards along what was to become the southeast margin 
of the Cuvier Abyssal Plain where parts of it are 
probably still preserved. In the Lister et al. (1986) model 
for the formation of passive continental margins, the 
Exmouth Plateau is considered to be part of an upper 
plate margin formed during delamination.
The southwest margin of the plateau formed by 
shearing along the Cape Range Fracture Zone. High 
amplitude magnetic anomalies at the foot of the slope 
were interpreted to be due to early Cretaceous 
intrusions, Exon and Willcox (1980). The apparently 
“leaky” nature of the transform suggests that there was 
some component of extension across it. Two lines of 
evidence indicate that the southwest margin was high 
at around the time of breakup: firstly, a faulted NW- 
trending anticline is as much as 1100 m higher than 
contemporaneous strata no more than 20 km to the 
northeast; and secondly, prograding deltaic sequences 
on the southern part of the plateau indicate a source 
of detritus to the southwest. Exon and Willcox (1980) 
proposed three possibilities for the southwest margin 
uplift - namely, the thermal effects of frictional heating 
along a shear zone, upwelling of the asthenosphere 
along the shear zone, or heating caused by the spreading 
centre in the adjacent Cuvier Abyssal Plain. Whichever 
mechanism was responsible for the uplift, the ‘rim’ that 
formed along the southwest margin appears to have 
lasted no more than 5 Ma. Normal faulting in the 
Cretaceous caused the margin to subside, producing a 
marginal NW-trending anticline. This anticline had 
subsided below sea-level by late in the Cretaceous, and 
a thin sequence of pelagic carbonates covers the margin, 
which now lies at water depth of more than 1500 m 
(Exon et al., 1982).
All thermal models for passive margin development 
predict a heat-flow high at breakup, up to 3-4 times the 
long term equilibrium heat-flow level. After breakup 
there is a gradual decay of the heat anomaly; the rate 
of decay is dependent on many factors. It can be 
assumed that heat-flow in the past has been higher than 
the present level, and that the present day heat-flow 
distribution may reflect the palaeoheat-flow.
Previous Geothermal Data
There is a paucity of marine heat-flow measurements 
around the Australian continent (Fig. 2) and conse­
quently only a broad regional heat-flow pattern is 
discernible (Fig. 3). Prior to obtaining the data 
reported here, there was only one marine heat-flow 
value reported on the Exmouth Plateau (61.1 mW /m2;
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Figure 2: Location map showing previous heat-flow stations 
in Australia (after Cull & Conley, 1983).
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Figure 3: Regional heat-flow map of Australia, based on 
data from stations in Figure 2, and averaged over 
a 5x5 degree grid (after Cull & Conley, 1983).
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Figure 4: Exmouth Plateau showing locations at which thermal conductivities have been determined, and contours of thermal 
conductivity; contour interval 0.05 W/mC.
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Anderson et al., 1977). This station was located on the 
northwest flank of the plateau in a water depth of about 
1800 m. Von Herzen and Langseth (1965) and Langseth 
and Taylor (1967) in studies of the lower slope and 
abyssal plains north of the Exmouth Plateau, reported 
a number of heat-flow values in the range 
45-96 mW /m2. Burne and Kantsler’s (1977) detailed 
geothermal study of the Canning Basin indicated 
temperature gradients of approximately 30°C/km on 
the shelf. Nicholas et al. (1980) compiled uncorrected 
geothermal gradients for the Northwest Shelf using oil 
exploration well data. Cull and Conley (1983) evaluated 
the temperature gradients from a number of wells in the 
offshore Carnarvon Basin and estimated that heat-flow 
values on the continental shelf were in the range 75-119 
mW/m2. The geothermal gradient on the Rankin 
Platform of the Northwest Shelf averages 35°C/km, 
whereas data from the Saturn-1, Jupiter-1, and 
Mercury-1 exploration wells on the Exmouth Plateau 
indicate that geothermal gradients are about 34°C/km 
in the Montebello Trough and about 23°C/km on the
Exmouth Plateau Arch (Barber, 1984). In summary the 
Exmouth Plateau/Northern Carnarvon Basin region is 
seen as a higher than average heat-flow area.
Data Reduction and Results
Thermal Conductivity
Thermal conductivities were determined on piston 
and gravity cores of surface sediments using the 
transient heat method outlined by von Herzen and 
Maxwell (1959). The average core length obtained was 
4 m and conductivities were determined every 0.2 m. 
A total of 26 cores were retrieved and the regional 
conductivity contours are shown in Figure 4. The 
estimated total error in each conductivity measurement 
is about 12%. The conductivities have been corrected 
for pressure (an increase of 1% for 1800 m water depth) 
and temperature (a decrease of 6% for the temperature 
change from 4°C to 24° C corresponding to the in situ 
and laboratory temperatures of the cores) as outlined 
by Ratcliffe (1960), and these corrected values were
H eatflow  data point •  Oil well 0 Gas well 0  A b a n d o n ed  w ell H ea tflow  contour (m W m  2)
Figure 5: Exmouth Plateau region showing locations at which heat-flow has been determined, and contours of heat-flow; 
contour interval 10 mW/m2.
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used in the computation of the heat-flow at each station.
The low variation in thermal conductivity across the 
Exmouth Plateau indicates that it is reasonable to 
interpolate the conductivities between core sites to 
those heat-flow stations where no core was taken. The 
average thermal conductivity of the seabed sediments 
on the Exmouth Plateau is 0.80 W/mC. This average 
is 20% less than the value of 1.0 W/mC proposed by 
Anderson et al. (1977) purely on the basis of 
environment type.
Geothermal Gradient
Geothermal gradients were determined with a 
Nichiyu Giken Kogyo NTS-11AU heat-flow probe. The 
thermistor separation was 0.45 m and either a 4 m (8 
thermistor) or 2 m (5 thermistor) lance was used at each 
station. The temperature difference between the 
thermistors was measured to a precision of 0.003° C and 
the absolute temperature with an accuracy of 0.2° C. 
For a ‘normal’ gradient of 60°C/km and a thermistor 
separation of 0.45 m the precision of the temperature 
difference between two sensors is better than 1%. 
Because of the homogeneity of the cores and the low 
variation in conductivity values across the plateau, the 
error in the gradient is estimated to be less than 10%, 
based on the considerations of instrumental 
performance outlined by Von Herzen and Langseth 
(1965).
A plot of seafloor temperature versus depth defines 
a well behaved thermocline, even though the values are 
taken over a wide area. This supports Rochford’s (1977) 
findings that the available oceanographic data for the 
region provide no evidence for deep upwelling currents 
off the northwest of Australia, and only a weak seasonal 
northerly-flowing current, the Leeuwin Current.
Heat-flow
The measured heat-flow value is the product of the 
thermal gradient and the thermal conductivity. 
However, since heat-flow stations were restricted to 
water depths of 900 m or more, the heat-flow on the 
eastern plateau and shelf areas was determined by 
thermal geohistory analysis (Falvey & Deighton, 1982) 
of 23 oil exploration wells. The initial results were 
incorporated into the database and a sketch heat-flow 
map produced (Swift et al., 1986). The heat-flow map 
for the Exmouth Plateau region using all available data 
is given in Figure 5. This map was produced by 
averaging and interpolation across a 1° by 1° grid. The 
heat-flow pattern is quite smooth, with high heat-flow 
(> 90 mW/m2) in the southeast and low heat-flow (~42 
mW/m2) in the northwest, and paired low and high 
heat-flow anomalies (~20 mW/m2 and 60 mW/m2) in 
the centre of the Exmouth Plateau.
The heat-flow values are estimated to have a 
maximum error of 20%, comprising errors of 12% in 
the thermal conductivity and about 8% in the thermal 
gradient. The heat-flow pattern in Figure 5 provides the 
basis for thermal modelling.
Models for Anomalous Heat-Flow
In order to analyse and conveniently illustrate processes 
that might give rise to the observed heat-flow 
distribution, including the major tectonic processes that 
formed the plateau, a dip line section (AB) and a strike 
line section (CD) were constructed from available 
seismic data (Fig. 6).
The strike section (CD) shows that there is no 
anomalous present day heat-flow across the S W plateau 
margin. The heat-flow value of 44 mW/m2 over the 
Cuvier Abyssal Plain is a reasonable value for 120 Ma 
old oceanic crust, and the heat-flow remains constant 
with the transition to continental crust. Hence, the 
thermal history of the SW transform margin is 
indeterminate on these data. It should be noted that the 
two plateau-edge heat-flow values originally reported 
by Choi et al. (1987) for the margin were 61 and 102 
mW/ m2, indicating that it may be a high heat-flow area. 
However, later detailed analysis of these stations 
indicated curvature of the temperature gradients. Using 
the nomogram of Bredehoeft and Papadopulous 
(1965), the curvature in the gradients indicates an 
upward movement of water out of the sediment with 
velocities of 1.9 and 2.5xl0'7 cm/s respectively. This 
analysis was the first indication that there may be fluid 
movement in the sedimentary section. Using the 
method outlined by Anderson et al. (1979), a correction 
for convective effects has been determined for these 
stations, which gives conductive heat-flow values of 41 
mW/m2 and 66 mW/m2, respectively.
The dip line (AB) shows a strong increase in heat- 
flow towards the SE of the section, which could be 
interpreted as the heat-flow signature of a rift system 
(Morgan et al., 1985; Ben-Avraham & Von Herzen, 
1987). Indeed, a major rift of Jurassic age is present 
beneath the shelf and also the Kangaroo Syncline. 
Given the amplitude of the thermal anomaly, this 
implies that the rift aborted “thermally” much later than 
breakup along the plateau margins, and is possibly still 
thermally active. However, as will be shown later, the 
heat-flow high is in large part due to fluid convection. 
The heat-flow in the northwest, close to the plateau 
margin is fairly constant at a level just below the average 
value for the plateau. This indicates that any heat-flow 
anomaly associated with the formation of the margin 
has substantially dissipated.
In order to analyse the expected surface heat-flow in 
steady state conditions, the dip line A-B (Fig. 7) was 
modelled, assuming a homogeneous isotropic media 
with an end-to-end temperature variation from 34° C/ 
km in the east to 20°C/km in the west, corresponding 
to measured thermal gradients. This requires that there 
is a horizontal temperature gradient at the base of the 
lithosphere (this is equivalent to allowing for a lateral 
variation in the heat-flow), which might be expected for 
an aborted rift system. The solution for this type of 
conduction problem is discussed by Carslaw and Jaeger 
(1957, p. 167). The resultant surface heat-flow pattern 
(Fig. 7) indicates that the heat-flow high to the 
southeast can be modelled with heat transfer by
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Figure 6: Line drawings of seismic profiles NW-SE (A-B) and NE-SW (C-D) across the Exmouth Plateau with associated 
heat-flow profiles.
conduction. The average heat-flow of the Western 
Australian shield is also shown as is the heat-flow 
anomaly based on expected levels of radioactive decay. 
Conductive modelling and tectonic theories for the 
development of the region fail to explain the heat-flow 
low in the centre of the plateau. However, as noted
previously, there are indications from the SW margin 
that there may be fluid movement within the 
sedimentary section.
It can be shown theoretically that if a small horizontal 
temperature gradient does exist, then fluid movement 
by convection may occur within a permeable sedi-
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Figure 7: Surface heat-flow profiles for various models discussed in the text.
mentary section. The heat-flow above the hot rising 
convective fluid column will obviously be higher. As a 
first step, the fluid velocities required to produce the 
observed heat-flow anomalies will be determined. The 
model shown in Figure 8 corresponds to the dip line 
(AB) in Figure 7. The calculated Darcy velocity of 
3.0 x 10~9 cm/s is comparable with velocities calculated 
for convection cells about mid-ocean ridges. Ribando 
et al. (1976) determined a maximum value of 
1.5xl0'8 cm/s for the Galapagos spreading centre and 
Patterson and Lowell (1982) use a maximum value of 
5x1 O'6 cm/s for mid-ocean ridges.
With a given fluid velocity field, it is possible to 
estimate the permeability that will produce a particular 
heat-flow. For the Exmouth Plateau region an average 
vertical permeability of about 10'2 millidarcy produces 
the desired heat-flow; as this is a low value it can be
20 27 34d i
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Figure 8: Simplified convection cell model.
seen that convection could easily occur. A convection 
model illustrates that small fluid velocities are capable 
of producing the heat-flow anomalies in the centre of 
the plateau and on the continental shelf.
Convection caused by an evenly distributed deep heat 
source is a little more difficult to describe. When 
considering convection in the upper crust for a two layer 
system with heat supplied from below, Donaldson 
(1962) computed a maximum flow rate of 2x1 O'7 cm/ 
s for a 3000 m thick layer, with the vigor of the system 
depending on the Rayleigh Number (Ra) and the 
permeability. For Ra=30, a permeability of 3xlO*3darcy 
is needed for a flow rate of 2.4xl0"8 cm/s; similarly, if 
Ra=160 then a permeability of 16xl0'3 darcy is needed 
for a flow rate of 2xl0'7 cm/s. The low darcy velocity 
calculated for the Exmouth Plateau region implies that 
convection is occurring at a low Rayleigh Number.
Turcotte and Schubert (1982) analysed the onset of 
thermal convection for a layer of fluid saturated porous 
media contained between horizontal impermeable 
isothermal boundaries. Figure 9 shows the relationship 
as thermal gradient (dT/dz) versus permeability. For 
a ‘typical’ gradient of 34°/km and a layer thickness of 
f 10 km, a permeability greater than 10'1 millidarcy is 
required for thermal convection. In general, high 
geothermal gradients and large permeabilities favour 
I the occurrence of hydrothermal convection. For the 
Exmouth Plateau the half wavelength of the observed 
{ convection cell is 180 km; for a cell depth of 10 km a 
Rayleigh Number of 3218 is implied. That is, the aspect 
ratio for the cell is very high (18:1) which requires either 
a very high Ra (i.e., vigorous system) or an 
unreasonably high permeability.
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Figure 9: Thermal gradient required for hydrothermal 
convection in a porous layer as a function of the 
permeability for several layer thicknesses.
Clearly, the simplifications of isotropy and 
homogeniety do not apply in the Exmouth Plateau 
geological section. The temperature change between 
surface and basement is of the order of 200-350° C, and 
physical parameters, such as thermal conductivity and 
fluid viscosity, show large changes over this 
temperature range. Scheidegger (1974) illustrated that 
convection will occur at shallow depths in a 
sedimentary section if the real properties of water, 
temperature dependent viscosity and compressibility, 
are taken into account. Alternatively, aspect ratios may 
be altered by physical properties of the porous material. 
If there are permeability barriers to vertical flow, such 
as seals, then preferred horizontal migration paths will 
be established. Horizontal/vertical permeability ratios 
up to 20:1 are geologically reasonable, especially in 
shale-prone sections. Thus, it is possible that lateral and 
vertical variability in permeability, together with 
temperature dependent viscosity, may make it possible 
for a single convection cell with an aspect ratio of 18:1 
to exist.
The fluid models discussed here show that the range 
of heat-flow can be explained as being due to a 
convective system. Such a convective system may be 
sustained either by a small horizontal temperature 
gradient or by a deep, evenly-distributed heat source. 
However, a convective cell can only be maintained if 
there are sufficient connected permeable and porous 
paths in the subsurface geology. A range of studies 
indicate that such paths exist (e.g., Kaye et al., 1972; 
Crank, 1973; Meath & Bird, 1976; Williams, 1977; 
Barber, 1984; Osborne & Howell, 1987).
Implications for Petroleum Source 
Maturation
This study shows that the northern Carnarvon basin 
is a high heat-flow area. However, maturity data (e.g., 
vitrinite reflectance) indicate that the thermal maturity 
is lower than expected if we assume a constant (present 
day) thermal gradient since burial. Kopsen and
McGann (1985) compensated for this discrepancy along 
the Barrow Island anticlinal trend by using a constant 
thermal gradient of 15°C/km until 12 Ma, then 
increasing it to 30-40° C/km until present. The notion 
of a late heat pulse is reiterated by Cook and Kanstler 
(1980), who showed that the vitrinite reflectance 
profiles are not disturbed by the pre-Cretaceous uplift 
and erosion of 2000 m of sediments; that is, it appears 
that the vitrinite reflectance values in the pre- 
Cretaceous section are set by thermal conditions in the 
Tertiary. Cook et al. (1985) report the same 
phenomena: saying “to explain the relatively low 
present VR near the top of the Triassic, the (past) 
geothermal gradients must have been much less than 
the present gradients (and the gradients in Triassic time) 
during the Mesozoic and early Tertiary, but must have 
undergone a major rise in the late Tertiary.” This is a 
rather surprising conclusion, considering that all 
tectonically-derived thermal models for the region 
imply higher heat-flow in the past. There are several 
options which might explain the VR profiles.
Typically, thermal data from wells consists of only 
the bottom hole temperature (BHT) and the surface 
temperature. Many temperature profiles can be 
constructed from these two data points, which are 
largely dependent on the assumed heat-flow and 
thermal conductivity profiles. There is an inter­
relationship between the heat-flow and thermal 
conductivity that allows the temperature and 
temperature gradient to be determined.
Figure 10(a) illustrates constant heat-flow and 
constant thermal conductivity with depth, producing a 
linear temperature profile and constant thermal 
gradient. This is the simplest case, but geologically 
unlikely. In a steady state, non-heat generating 
conductive layer, heat-flow is constant with depth. 
However, thermal conductivity will generally vary, 
primarily because of reduction in porosity with burial 
and the effects of increasing temperature with depth. 
Figure 10(c) shows the more general case where thermal 
conductivity increases with depth. Note now that the 
temperature gradient actually decreases with depth. 
Heat-flow can also vary with depth due to, say, a 
thermal transient. Another example is the case where 
there is a significant sedimentation rate (Hutchinson, 
1985; Fig. 10(b)); note that the thermal gradient 
increases with depth. Figure 10(d) is the most general 
case and geologically reasonable, with both heat-flow 
and thermal conductivity varying with depth.
Figure 10(d) highlights the difficulty of modelling 
maturation in terms of temperature gradient when the 
gradient is a function of depth; VR is dependent on the 
absolute temperature, and only implicitly on the 
temperature gradient. Since maturation is modelled 
with an exponential function of temperature, the 
temperature is a critical parameter. Thus the 
temperature profile in Figure 10(a) will underestimate 
the VR relative to model 10(d) in the shallow section 
because it underestimates the absolute temperature. 
This is the “blanketing effect”, where the temperature
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Figure 10: Relationship between heat-flow, thermal conductivity, thermal gradient, and temperature for a range of models.
at shallow depths is higher than expected due to low 
conductive overburden. This phenomena has been 
reported by Meath and Bird (1976) who report the 
temperature of the Mungaroo Beds as 140°Cat3513 m. 
Three heat-flow stations, located at the site of the 
Jupiter-1, Mercury-1 and Saturn-1 exploration wells, 
gave thermal gradients up to three times higher than 
the gradients computed from only the bottom hole and 
surface temperatures. This is consistent with the Figures 
given in Clark (1966) for the conductivity of sandstone 
and limestone at 50° C, which show the thermal
conductivity of consolidated sediment to be 3 to 4 times 
that of unconsolidated sediment. However, in all three 
cases the heat-flow determined from thermal geohistory 
analysis was much higher than the measured surface 
value, suggesting that an incorrect thermal conductivity 
profile was used. The thermal conductivity profile was 
then adjusted within reasonable limits to improve the 
fit between the calculated and measured heat-flow 
values. Even with the adjusted conductivity profiles, a 
discrepancy between the measured surface and cal­
culated heat-flows still exists at two wells: Jupiter-1 (25
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Figure 11: Thermal geohistory plot - Jupiter-1.
and 47 tnW/m2 respectively) and Mercury-1 (41 and 52 
mW/m2 respectively). This discrepancy suggests that 
the fluid convection in the vicinity of the Central Dome 
is more pronounced in the uppermost part of the 
sedimentary section and may dissipate at depth.
Thermal geohistory plots for Jupiter-1 and 
Dampier-1 are given in Figures 11 and 12. These plots 
were constructed using the method outlined by Falvey 
and Deighton (1982). The post-breakup thermal history 
was derived using the post-breakup thermal relaxation 
hypothesis of Sleep (1971) and a breakup time of 165 
Ma before present. The heat-flow pulse at breakup is 
not large and has only a moderate effect on the thermal 
history. The main features to note from both geohistory 
plots are that, firstly, the computed VR rises rapidly in 
the topmost section, due largely to the conductivity 
profile, and secondly, that there is a good match 
between calculated and measured VR values, without 
the necessity of invoking a late heat pulse. In both wells, 
the heat-flow has been declining since the mid-Jurassic, 
and the calculated present day heat-flow values of 46 
mW/m2 and 71 mW/m2 respectively, (1 H.F.U. = 42 
mW/m2) are close to the regional average.
The burial and thermal geohistory plots for
Jupiter-1 (Fig. 11) and for Dampier-1 (Fig. 12) are 
generally representative of burial and source rock 
maturation histories of the Exmouth Plateau and the 
southern Northwest Shelf, respectively. The paleoheat­
flow functions, assumed for modelling purposes, are 
similar, relative to background. However, the 
substantially different depositional histories in the two 
localities leads to markedly different maturation 
histories.
At the Jupiter location, rapid mid to late Triassic 
sedimentation in a rising heat-flow rift setting, led to 
high temperatures in pre-Late Triassic formations by 
breakup time (i.e., mid Triassic) and older source rocks 
were substantially mature by the end of the mid 
Jurassic. Following breakup there was pronounced 
sediment starvation, and declining heat-flow 
conditions: Triassic formation temperatures actually 
fell by some 20-40° C. The process of maturation 
stagnated and Jurassic source rocks remain immature. 
Structurally high closures may well be flushed by later 
fluid circulation.
At the Dampier location, sedimentation is much 
more even. In particular, there is no marked sediment 
starvation post-breakup. Consequently, maturation
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Figure 12: Thermal geohistory plot - Dampier-1.
levels rise more or less continuously through to the 
present day. Important Jurassic source rocks are only 
now in the prime oil generation zone, as a result of 
Tertiary shelf progradation. Deeper localities in the 
Lewis Trough are now likely to be post-mature.
Conclusions
The new heat-flow data from the Exmouth Plateau 
indicate that it is an area of higher than average heat- 
flow, as was suspected from previous heat-flow data. 
The present-day average heat-flow value for the 
plateau of 54 mW/m2 places the top of the oil window 
(R0= 0.7) at about 3-4 km sub-seafloor; this value is, 
of course, sediment conductivity dependent. The 
marked low heat-flow anomaly in the centre of the 
plateau is thought to reflect a convection cell. This cell
is believed to be confined to the subsurface because of 
the lack of evidence of water movement at the seabed. 
In the southwest, however, outflow may have occurred. 
The calculated out-flow velocity from the sediment is 
the same order of magnitude as the calculated 
convection flow velocity.
The heat-flow map may be used in an analogous 
fashion to the temperature maps used by Neglia (1979) 
to predict hydrocarbon occurrence. In sufficient detail, 
with associated information on permeability, and 
porosity, heat-flow mapping can be used to indicate 
preferred migration paths since dispersed hydrocarbons 
will move with the water. As expected, there appears 
to be no remnant heat-flow from the thermal events 
associated with margin formation. The NW and SW 
margin heat-flow values are close to the mean heat-flow 
value for the plateau as well as being close to the heat- 
flow value of the Cuvier Abyssal Plain.
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THERMAL REGIME OF THE UPPER CONTINENTAL CRUST OF THE EXMOUTH 
PLATEAU REGION, OFFSHORE NORTHWEST AUSTRALIA.
SWIFT, M.G., Bureau of Mineral Resources, Geology and Geophysics,
GPO Box 378 Canberra, ACT 2601 Australia
The Exmouth Plateau is a submarine marginal plateau with an area of about 
150,000 square kilometes situated off the northwest Australian continental margin 
(Fig 1). The plateau consists of deeply rifted and subsided continental crust.
It is bounded to the north, south and west by oceanic crust. At its crest, the 
plateau is 800 metres below sea level and sedimentary thicknesses, consisting of 
pre-breakup Paleozoic to early Mesozoic sediments and post-breakup Mesozoic and 
Tertiary sediments, are up to 10 kilometres.
In 1986 the Division of Marine Geosciences and Petroleum Geology of the 
Australian Bureau of Mineral Resources, Geology and Geophysics acquired an 
extensive set of 41 marine heat flow values over the Exmouth Plateau during two 
cruises of the research vessel RIG SEISMIC (Choi et al., 1987; Exon et al.,
1988). A further 58 heat flow stations were occupied in early 1987 during a 
survey by the Australian National University, Department of Geology aboard the 
CSIRO research vessel FRANKLIN (Edwards, 1987; Swift et al., in prep).
The present day heat flow pattern for the Exmouth Plateau region has been 
compiled from these data as well as from heat flow values determined from thermal 
geohistory analysis of 23 oil exploration wells in the region. The surface heat 
flow pattern is shown in Figure 1. The overall average for the region is 56 
mW/m**2, however the points of interest in the heat flow pattern are: the area of 
low heat flow (as low as 17 mW/m**2) in the centre of the plateau together with 
the heat flow high (as high as 100 mW/m**2) to the east on the shelf, and the 
lack of any heat flow anomalies associated with the margins. The magnitude of 
the heat flow low is less than the heat flow level entering the base of the crust
Figure l.*Heat flow map for the Exmouth Plateau region, Northwest 
Australia.
and so indicates (lint: some process is divert inj1, heat away from (lie region. Tn 
the southern part of the plateau the temperature profiles taken in the 
sedimentary section are clearly convex upward, which indicates that there is an 
upward movement of fluid through the sediment at these points. Analysis of these 
two profiles indicates that Darcy velocities are of the order of 2.0*10**-7 
cm/sec. Modelling indicates that there is both a conductive and convective 
component to the heat transfer within the whole sedimentary section (Swift et 
al. , 1988). It is concluded that there is upwelling of the pore fluids in the 
high heat flow region and a corresponding downwelling in the low heat flow areas.
The thermal structure of the West Australian Shield has been modelled by 
Sclater and Francheteau (1970) and is composed of two heat generating zones. The 
top layer of the crust is 8 kilometres thick and has a heat generation factor of 
1.25 micro W/m**3 based on reduced heat flow results. The lower layer of the 
crust has an internal heat generation factor of 0.25 micro W/m**3. The 
combination of mantle heat flow and internal heat generation within the crust, 40 
km thick, produces a surface heat flow of 42 mW/m**2. Models for the deep 
crustal structure, based on wide aperture CDP seismic reflection data and 
refraction ESP data (Williamson et al. , 1988) show a major redistribution of the 
heat producing elements. When these parameters are combined with the structuring 
to basement level of the Exmouth Plateau, it leads to a pod of low heat 
production below the heat flow low in the centre of the plateau (Fig. 2), 
approximtely section AB on Figure 1.
The conductive heat flow model alone (Fig. 2) does not fully explain the 
measured heat flow lows and highs even though the average for each curve is 56 
mW/m**2. The major feature of the modelled surface conductive profile is the 
heat flow low in the centre of the plateau. This low is due to the pod
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Figure 2. Modelled conductive heat flow profiles with measured
"surface heat flow profile in relation to deep structure, 
(Williamson et al., 1988). Along A-B in Figure 1.
of initially lower crust which has a low heat production rate, and can also be 
seen on the curve representing conductive heat flow on the top of basement. The 
latter curve shows good agreement with the WA Shield average in all regions 
except in the centre of the plateau and towards the plateau margin in the west 
where the crust has been thinned.
Unlike the WA Shield there has been up to 12 kilometres of sedimentation on 
top of the basement in this region. The average surface heat flow is 56 mW/nr*"*2 
not 42 mW/m**2 as is found on the WA Shield. The difference corresponds to an 
internal heat production rate of 1.4 micro W/m**3 for the sedimentary section. 
There is a correspondence, however, of the conductive heat flow low and high at 
the top of basement and the measured conductive/convective surface heat flow.
The differing thermal properties of the basement result in one region of the 
plateau being heated more than the other. Convection occurs because the higher 
temperature on the eastern side at basement level leads to density differences 
and hence buoyancy forces relative to the cooler western side, resulting in the 
hotter fluid rising while the cooler side sinks. This model is not the classic 
convection model as it does not use an even heat source at the bottom boundary. 
With a lateral variation in heat flow it is much easier to get convection, and 
the model does not suffer from the Rayleigh Number criterion or other associated 
restrictions. The average Darcy velocity required to produce the observed 
surface heat flow pattern is about 3*10**-9 cm/sec, with permeabilties of about 
10**-2 millidarcy. The low flow rates imply that the convection cell is a low 
Rayleigh Number flow.
In the case of the Exmouth Plateau, the average fluid velocity is 3*10**-9 
cm/sec which implies a horizontal temperature gradient of 0.08 C/km or more is 
required to produce a convection cell on the scale implied by the surface heat 
flow pattern. When considering the whole thermal structure of the model in Fig. 
2, the horizontal temperature gradient at basement level is in the order of 0.2° 
C/km. That is, the thermal structure at basement favours convection within the 
overlying sediments. The surface heat flow above the rising column will be 
higher. Consequently, a lateral variation in the heat flow at basement level 
will be accentuated at the surface because of convection.
The presence of such a large single convection cell, 200 km long and 10 km 
deep, due to such a low variation in background heat flow and low overall heat 
flow has major implications to the likelihood of convection cells in other major 
sedimentary enviroments. Namely, that it is likely that convection is occuring 
in most scdimentary basins of (he world.
In conclusion, the thermal structure of the upper crust on the Exmouth 
Plateau is characterised by a major redistribution of heat producing elements to 
basement level. The resultant lateral heat flow variations have produced a large 
scale convection pattern in the sedimentary section which has perturbed the 
surface heat flow pattern.
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Recent surface heat flow measurements over Exmouth Plateau, offshore 
Northwest Australia suggests the occurance of a large convective cell of pore 
fluids within the sedimentary rocks. The major inconsistency in explaining 
inferred flow pattern by conventional modelling theory is the low 
height/width aspect ratio of 0.04 of the cell. Some of the possible 
explanations to the low aspect ratio include local and regional anisotropic 
permeability, lateral variation of heat flow at basement depths, large scale 
basement structuring, and temperature effects on the physical variables of 
rock thermal conductivity or fluid viscosity. The development of any 
numerical model must take into account these possibilities. In order to 
accurately model the surface heat flow a generalized two dimensional 
convection in porous medium computer program has been developed. The 
formulation permits heterogeneity and anistropy in permeability and thermal 
conductivity, mixed boundary conditions, first order temperature effects on 
the dependent variables of viscosity, heat capacity and thermal conductivity, 
as well as account for effects of internal heat production. The elliptic (in 
the case of steady slate solutions) or parabolic (in the case of transient 
solutions) partial differential equations are replaced by a finite difference 
approximation and a solution is achieved by an alternating direction implicit 
(A.D.I.) method. The fluid velocity field is described by the stream 
function, consequently only a set of two simultaneous equations need to be 
solved. In the formulation for the solution of the temperature field and the 
stream function field, the diffusive term is approximated by a centred 
difference scheme and the convective term by a conservative second order 
upwind difference scheme. The finite difference approximations are used as 
they are easily substituted into the governing equations and together with 
the ADI scheme, gave a numerical model which is well posed, stable and 
convergent. There is no major impediment to the solution of the system, 
except that it is CPU intensive. This obstacle can be overcome by the 
utilization of a powerful computer in this case by using the Australian 
National University Supercomputer Facilities FACOM VP100 supercomputer. The 
present results from the numerical model, indicate that convection is 
probably occuring within the sedimentary rocks. The low permeability used in 
the model indicates that convection is probably occuring in most sedimentary 
basins where a lateral variation in basal heat flow exists.
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ABSTRACT
Thermal convection of pore fluids in the geological environment has 
generally been thought to be confined to high temperature, high energy 
regions in the earth's crust. Modeling of these regions has been largely 
restricted to simple cases of homogenous and isotropic medium with simple 
boundary conditions. Recent heat flow measurements over the Exmouth Plateau, 
offshore North West Australia, suggest the occurrence of a large, low energy 
convection cell of pore fluids within the sedimentary rocks. The geological 
environment and the characteristics of the cell imply a low Rayleigh Number 
(Ra) flow in a heterogeneous anisotropic media. The major difficulty in 
explaining the infered flow pattern of the pore fluids is the low 
height/width aspect ratio of 0.04. Some of the possible explainations for the 
low aspect ratio include: local and regional heterogeneous and anisotropic 
permeability, large scale basement structuring, lateral variation of heat 
flow at depth and temperature effects on the physical variables of rock and 
fluid thermal conductivity and fluid viscosity. A mathematical model has been 
developed to incorporate heterogeneity and anisotropy, together with thermal 
effects in the matrix properties, and the ability to handle mixed boundary 
conditions. The description of the mathematical development, the numerical 
approximation and solution procedure is given, together with some fundamental 
results from modeling the surface heat flow of the Exmouth Plateau region. 
Some comments are also given in relation to convection in porous media as a 
common phenomena in the geological environment.
INTRODUCTION
Surface and shallow subsurface heat flow measurements are undertaken in 
order to understand the thermal processes within the earth's mantle and 
crust. Conduction within the crust is believed to be the main process by 
which heat is transported from the earth's hot interior to the colder 
exterior. To this date there has been little data to support that heat and 
mass transfer by convection of fluids in the upper crust is either a wide 
spread phenomena or an active process. The notable exceptions are local 
convection cells about active spreading centres and hot fluid outflow in 
geothermal areas. In the former case convection has been recognized because 
the measured surface heat flow values in these regions are considerable lower 
than those theoretical hypothesized. These relatively low heat flow values or 
negative heat flow anomalies (in relation to theoretical models) provide a
definitive test for the occurrence of convection of pore fluids in the upper
crust. The surface heat flow pattern form Exmouth Plateau, offshore
northwest Australia, (Swift etal, 1988) is characterized by a region of very
-2low heat flow, see Figure 1. The overall average of the region is 56mW m
_2with the lowest reading of 17mW m in the centre of the plateau and a high 
_ 2of 100 mW m to the east on the shelf. The magnitude of the low is less 
than the heat flow entering the base of the crust and so indicates that some 
process is diverting heat away form the region. After considerations and 
corrections for thermal conductivity contrasts, permeability contrast, 
internal heat generation and topographic effects, it is concluded that 
convection of pore fluids in the upper 10-15 km of sediment is producing the 
heat flow low and associated high. The conceptual model for the subsurface 
convection cell is shown in Figure 2. The figure is an east-west 
cross-section through the heat flow low in the centre of the plateau and the 
heat flow high on the shelf, and shows the deep crustal model proposed by 
Williamson etal (in press). The top graph illustrates the conductive heat 
flow profiles at basement and surface levels, together with the measured 
surface heat flow profile and the mantle heat flow value. The salient 
features of the geological cross section are; the major redistribution in the 
heat producing elements and corresponding lateral variation of heat flow at 
basement levels, large scale lateral thermal conductivity contrasts due to 
the structuring of the basement rocks and the geometry of the overlying 
sedimentary section. The sedimentary section is characterised by regional 
anisotropy in the sediment permeabilty. It is these features that are thought 
to cause a convection cell on the scale as is indicated in Figure 2. Note 
that the conductive model is unable to explain the heat flow low. The surface 
heat flow low in the centre of the plateau is large in its areal extent and 
well below the heat flow that is entering the base of the crust below it. The 
major difficulty is explaining the surface heat flow pattern is the low 
height to width aspect ratio of 0.04 of the inferred cell. In this paper I 
will describe the mathematical formulation and computer implementation of a 
generalized two dimensional diffusive and convective heat and mass transfer 
model and the results from a parameter study that have been undertaken to 
better understand the surface heat flow pattern for the Exmouth Plateau 
region. The results given show that a classic Rayleigh Convection model is 
not generally applicable to the study of convection in the geological 
environment and in general heterogeniety and anisotropy need to be 
considered, not only because these effects can alter flow paths, but in many 
cases these effects actually give rise to the flow itself. In particular this 
paper studies the conditions under which convection can occur where the cell
aspect ratio is different from that predicted by classic Rayleigh theory. 
Secondly the paper considers a general case where conventional theory has 
predicted the absense of convection and yet in fact, when the theory is 
genearlised it actually predictes that convection is occuring.
Mathematical Formulation
For a fluid with a linear density variation caused by temperature changes 
alone and for a heterogeneous and anisotropic porous medium the equations for 
energy (temperature), mass (volume) and momentum (velocity) conservation, 
together with an equation of state of the fluid are given by;
31((pC)*T)=div(K«gradT)-div((pC)fVT)+S  (1)
(£3tp+div(pV)=0  (2)
(P/<f>)dtV+ (p/<f)) (V»grad)V=-gradP-pg- (p/k)V ..... (3)
p=P0(l-a(T-T0))  (4)
where for a coordinate system x=(x,z), the x axis horizontal and positive to 
the right and the z axis vertical, positive upwards, the coefficients in the 
equations are as follows; <f> is porosity, p is the fluid density, t is time, 
V=(v,u) is the fluid Darcy velocity vector, P is pressure, g=(0,-g) is the 
acceleration due to gravity, p is the dynamic viscosity, k is the 
permeability tensor, K is the thermal conductivity tensor, (pC)f and
•k(pC) are the specific heat capacities of the fluid and the matrix-fluid 
composite, T is the temperature, is the reference temperature at which 
P=Pq and a is the volumetric coefficient of thermal expansion of the fluid.
Making the Boussinesq approximation and other standard assumptions 
(Combarnous and Bories, 1972, pg 244) together with the assumption that the 
principal directions in the tensor quantities are parallel to the direction 
of the orthogonal axes system, then for steady state flow;
d (K d T)+3 (K 8 T)-(pC)_v3 T-(pC)_u3 T+S=0 x x x  z z z f x f z (5)
d v+d u=0 x z
v=(kx/p)(-3xP) =3zV>
(6)
(7)
(8)u=(kz//i) (-azP-pg) = -axv> 
p=P0(l-a(T-T0)) ....(9)
Where we have now introduced the directional thermal conductivity and 
permeability, for example the thermal conductivity in the x direction is 
given as Kx=Kx(x,z). By introducing the stream function if) as defined by 
Bear(1972) into equations (7) and (8), the five equations above can be 
reduced to a set of three simultaneous equations from which the heat and mass 
transfer can be readily solved. These are equations (5) and (9) above and 
equations (6)-(8) reduce to;
d+(k /k ) >av:V<i+(k /k )) a h
X Z X Z X z
+ ((k //0a ((p/k )) - (p/k )a ((k /p)))d j
X X Z Z X Z X
+ ((k /p)d ((p/k )) - (p/k )S ((k /p)) )a V>
Z Z X X Z X z
= ((kx+kz)/p)gdxp ....(10)
In summary, the equations (5), (9) and (10) allow for the solution of the 
steady state temperature field and stream function , and hence velocity 
field, for convection of a single species, single phase fluid in a saturated 
porous media that may be heterogeneous and anisotropic and with internal heat 
production.
The boundary conditions also need to be specified. For the formulation 
above the thermal boundary conditions can be specified as either the first 
kind (Dirichlet) or second kind (Neumann), which corresponds to temperature 
specified on the boundary or heat flux, respectively. It must recognized that 
heat flux boundaries are more applicable to the geological problem than the 
temperature specified boundaries. In the cases illustrated here, mixed 
boundary conditions have been applied, this means that the surface boundary 
is a Dirichlet type and all others are Neumann boundaries. The flow 
conditions for all the models has been for impermeable boundaries, this is 
the Dirichlet boundary condition for the stream function where V,=0 on all the 
boundaries.
The conventional solution of the governing equations is based no the 
classic Rayleigh Number (Ra) analysis where;
Ra= gapCkATH/pK (ID
Where AT is the vertical temperature gradient over the height H. The regions
where convection and whether or not it is stable or unstable is given in
Figure 3. The region where no convection occurs represents the condtions
where the resistive forces are sufficent to overcome the driving force. In a
system where there is a lateral variation in the temperature it is possible
■kto characterise the system with a modified Rayleigh Number Ra (Hickox and 
Gartling, 1981) where;
Ra*-gQ,k(Thot-Tcold)WA,K ..... (12)
where in this case ( ^ ot'^cop(j) i-s t i^e lateral temperature difference of 
the width W. In this case there is always a driving force, as seen by the 
factor d^p in equation (10), which arises due to the lateral variation in 
the temperature and from equation (9), that will overcome the resistanse 
force and so the region of no convection in Figure 4 ceases to exist. The 
regions of stability and instabilty are beyound the scope of this paper.lt is
•kunder the conditions of this modified Rayleigh Number Ra , and not the 
classic Rayleigh Number Ra that convection in the geological environment is 
thought to occur.
SOLUTION PROCEDURE
The numerical approximation for the solution of the partial differential 
equations given above is taylored in such a way that the inversion of the 
coefficient matrix [A] in system, [A]T=b for the temperature solution or 
[A]y>=b for the stream function, is achieved by the use of the Thomas 
Algoritm. This is a requirement as the upper and lower decomposition of the 
matrix [A] and subsequent inversion is easy to implement on a computer. It 
also has the advantage of being able to solve an implicit approximation. The 
partial differential equations are approximated by a five point finite 
difference system and the matrix splitting of the pentadiagonal matrix into 
two tridiagonal matrices is given by Peaceman and Rachford (1956) in their 
decription of a two level alternating direction implicit scheme. For 
[A]=[H]+[V], where the matrix [H] is derived from the x direction 
coefficients and [V] is derived from the z direction coefficients the 
solution of the system is a two time step scheme described by Lapidus and 
Pinder (1982) ;
([I]-^[H])Tn+l4-([I]+Hp[V])Tn (13)
(14)([I]-Hp[V])Tn+1-([I]-^[H])Tn+H
for the transient (parabolic) partial differential equation. In the case of 
the steady state (elliptic) partial differential equation the solution 
procedure is iterative in pseudo time steps and is given by;
( [ H ] +3 [ I ] ) Tn+li=b - ([V]-p[I])Tn ...... (15)
([Vl+p[I])Tn+1-b-([H]-p[I])Tn+lä ...... (16)
The parameter p in the parabolic case is the time step, p=At, where as in
the elliptic case p is the acceleration parameter and is derived from the
eigenvalues of [H] and [V], see Young (1971). The split scheme, is a well
posed convergent and stable method for the model problem. However as there is
a convective term there are certain stability problems that need to be
addressed. The presence of a convective term means that under some
circumstances upwinding needs to undertaken. Added to this is the problem
that the matrices [H] and [V] need to the same for each time step in the case
of the transient problem or at each iteration step in the case of the
elliptic problem. In the strictest sense upwinding on the convective term in
an implicit formulation is only needed for the implicit direction sweep, and
not the explicit explicit direction sweep. However as can be seen from the
formulation of the split above the implicitly and explicitly derived matrices
are swapped between calculation steps, so requiring upwinding be undertaken
on both implict and explict matrices for each step in the calculation.
The range of problems that can be solved is not greatly restricted by
requiring that the solution procedure use the Thomas Algorithm. In the
Peaceman-Rachford split , using the analogy with the results of Leonard and
- 8Noye (in press) we see that the that for an average fluid velocity of 10 m
sec  ^ in a second order upwinding scheme that the (c,s) field, where c is
kthe Courant number pCvAt/Ax(pC) and s is the diffusion number 
kKAt/Ax(pC) is a region where the solution is stable. However there is a 
problem of solution oscillation as the grid Peclet number P^=c/a, where
ka=K/(pC) , is close to infinity.
-v _ There are some other general restrictions that
should be keep in mind. The first is that the domain must be rectangular. The 
second is that as only second order conservative upwinding of the convective 
terms is possible, the systems that are possible to be solved are limited in 
the absolute value of the Darcy velocity. This is equivalent to placing a
Rayleigh Number restriction on the problem to be solved. The limiting 
Rayleigh Number is difficult to determine in the case of a heterogeneous and 
anisotropic domain with mixed boundary conditions, and so any general comment 
on the stability of the method are not possible Stability problems can be 
overcome to some extent by increasing the grid size, however in modeling 
regional convection problems of the Exmouth Plateau, it has been found that 
as the fluid velocities are low and the thermal conductivity contrasts and 
the permeability contrasts are small, that solution instability does not 
often occur and convergence to an accurate approximation is generally 
assured. Another point which is very relevant in the solution procedure is 
that when Neumann boundary conditions are specified for the temperature 
field, that is a specified heat flow, it is not possible to solve for a 
steady state solution via the elliptic equation, and it must be done with the 
parabolic formulation. This is somewhat of a hinderance as the elliptic 
problems generally require much less computer time to reach a steady state.
MODELING RESULTS
With the versatility of the numerical approximation to model a large 
variety of geological environments the results given below represent on a 
small proportion of the result derived to date. In the first case the heat 
flow pattern over Exmouth Plateau is modeled by numerical experiments to 
investigate under what circumstance it would be possible to have a very low 
aspect ratio of 0.04 in the sedimentary section. Another case is presented 
whereby it is concluded that sedimentary basins should be seen as regions 
where pore fluid convection generally occurs.
Exmouth Plateau Heat Flow Modeling
The surface heat flow pattern over Exmouth Plateau, Figures 1 and 2, clearly 
indicates that convection in the pore fluids is occuring. The object of 
modeling is to determine under what circumstances the convection is occuring, 
and in particular to explain the low height/width aspect ratio of the 
inferred convection cell. Implicit in the aspect ratio is the presumtion that 
the convection is occuring in the top 10-15 kilomteres of sediment. This 
region is perhaps the most permeable as basement is assumed to be essentially 
impermeable. There may be some flow, or leakage into this region, however it 
is though to minor in nature. The clearest indication that the convection is 
'shallow' is the closeness of the heat flow contours defining the anomalous 
low value in the centre of the plateau. In the first instance it is also
presumed that the convection cell is a low Rayleigh number flow. This 
assumptions assures that the tightest physical parameters are used in the 
modelling and the most reasonable assumptions regarding the physical 
parameters of; thermal conductivity, rock permeability, background heat flow 
and internal heat production are used. The modelling results are by no means 
definitive, and should only be taken to indicate the likely presence and 
dynamics of the convection cell.
The one quanity that can be calculated with some confidence is the
background heat flow. As the overal heat flow is controlled by the thermal
resistivity of the lithosphere, and by using mixed boundary conditions, the
average, surface heat flow equals the average heat influx at depth plus the
internal heat generation. Low Rayleigh convection does not substantially
increase the average surface heat flow, and is seen only to internally
redistribute the heat flow. The average surface heat flow of the Exmouth
-2Plateau is 56 mW m . With this background heat flow and taking the 
Rayleigh Number to be equal to 40, a value where convection just occurs, then
for a homogeneous isotropic domain this implies a rock permeability of
“ 1 6 - 2  -12 k=1.6*10 m , ( a unit often used is the Darcy , 1 Darcy is 10
-2m ), and as can be seen from Table 1 this is a low permeabilty. All the 
models discussed below are for a region 480 km long and 40 km deep. This is 
the distance between the heat flow low and the heat flow high. I have ignored 
the need to model the minor back eddy that occurs the to west of the heat 
flow low, see Figure 2. The grid spacing is 1.0 km in both the horizontal 
and vertical direction, so giving a matrix size of 480x40. To reach a 
solution were the temperature field change by less than 0.001% between 
succesive iterations took in the order of 15 minutes C.P.U. on a FACOM VP/100 
supercomputer. Figure 4 shows the resulting convection cell and surface heat 
flow for the two layer permeability model. The figure is consistent with 
conventional convection cell modeling in that it predicts 24 equally spaced 
convection cells with an aspect ratio of about 1.0. Note that there is a 
vertical exaggeration of 5:1 for the figure. The surface heat flow pattern is 
characterised by highs and lows, of the magnitude but not the wavelength of 
the surface heatflow pattern at Exmouth Plateau. This is taken to indicate 
that the convection cell is indeed in the top 10-15 km of sediment. However 
there is now the added difficultly of smearing 24 cells into a single cell. 
The convection cell in the sediments has a Ra=40 and the impermeable basement 
means that a the convection cell is largely confined to the sediments. There 
is however some leakage into the basement rocks.
If the permeability is assumed to be anisotropic, then prefered 
permeabilty paths will be established. In the next example the horizontal
permeability is assumed to be 10 times the vertical permeablity. This is a
reasonable assumtion as it mirrors the overal regional anisotropy of the
geological section where there are alternating layers of sand and shale and
approximates to some extent to regional large scale shale formations of
Exmouth Plateau. If we also alter the background heat flow so that there is a
lateral variation in heat flow of the same order of magnitude as is suggested
by the conductive basement heat flow curve in Figure 2 there is the
possiblity of perturbing the convection cell configuration. In this case the
Ra at any point in the system is less than 30, so classic convection should
knot occur, however Ra =76 in the top layer, so predicting that convection 
should occur. The temperature, streamline and surface heat flow plots for 
this case are shown in Figure 5. In this example there is no need to be 
concerned with the absolute value of the permeabilty as the bouyancy forces 
will always be able to overcome to some extent the restrictions to flow, and 
so convection will occur, even for low Rayliegh. However as can be seen from 
the results in Figure 5 there is still a preference for the system to breakup 
into a series of minor cells. That is a convection cell is not neccessarily 
of the same wavelength as the lateral heat flow perturbation, unless the Ra 
for the whole system is high.
The modeling results given above indicate that convection is occuring 
within the sedimentary section of the Exmouth Plateau, and that the likely 
driving mechanism is a lateral variation of heat flow at depth. The 
convection cell system is modified to a large extent by anisotropic 
permeability. Further refinements to the model are still required to fully 
explain the surface heat flow pattern, and it can be clearly seen that a 
higher Ra, greater variation of heat flow at depth, thermal effects due to 
the crustal structuring, internal heat generation and regional impermeable 
seals within the sedimentary section probably play a significant role in 
determining the fluid flow paths. It has however been demonstrated that all 
these parameters can have the desired effect of producing the flow field as 
indicated in Figure 2.
Hemispherical Basin Modeling
It has been become clear in recent times that thermal conductivity 
contrasts can greatly affect the surface heat flow. The model that has 
frequently been used to explain measured high heat flow in a region close to 
a basin, but outside it, and low heat flow values inside the basin is that of 
a hemispherical body of low thermal conductivity within basement rocks of 
higher thermal conductivity. Lachenbruch and Marshall (1966) derived an
analytical solution to this problem in terms of the surface heat flow, and
Sclater etal (1970) derived a numerical approximation for the surface heat
flow and subsurface temperature. In the course of the development of the
mathematical and numerical model described in the paper, their results were
used as a check on the computer code. Figure 6 is a composite figure showing
the conductive and convective heat transfer in a hemispherical basin 16
kilometres wide and 8 kilomteres deep, the thermal conductivity inside is 1 W 
-1 -1 -1 -1m °C and 4 W m °C outside. The modeled region is for a
portion of the earth's crust 40 kilomtres wide and 20 kilometres deep. The
-2background heat flow is 56 mW m with no heat flow out of the vertical
sides and with a top boundary fixed at zero degrees Celsius. As can been seen
from the isotherm contour plot for conduction only heat flow Figure 6(a)
there is a general pull up of the temperature in the low thermally conductive
sedimentary basin. The calculated surface heat flow is given in Figure 7. The
numerical result corresponds to the analytical solution of Lachenbruch and
Marshall (1966) . The other plots associated with the numerical results are
the calculated horizontal, Q , and vertical heat flow, Q contour plots,
X. z
together with the stream function ip and fluid Darcy velocity plots. From the 
horizontal heat flow contours it can see that there is a small, but 
significant lateral heat flow away from the basin, caused by the thermal 
conductivity contrast. From the vertical heat flow plot in Figure 6(a) it can 
be seen that the heat flow perturbation effects of the thermal conductivity 
contrast extend deep into the crust well beyond the boundaries of the basin. 
The stream function plot and the Darcy velocity plots, where V is the 
horizontal velocity and U is the vertical velocity, show no result as the 
coupled convection process has been suppressed by assuming a zero thermal 
expansion coefficient for water. The results illustrate the conventional way 
in which heat flow is modeled in a sedimentary basin, and it is informative 
to see the basic effects of the thermal conductivity contrast, in terms of 
perturbed isotherms and heat flow paths. The major feature, as far as this 
study is concerned, is the lateral variation of temperature at any given 
depth in a region proximal to the basin edge. This lateral variation in 
temperature should create buoyancy forces that in turn create a convection 
cell.
A model was undertaken whereby convection effects, if they existed, were 
allowed to modify the temperature field. The results are shown in Figures 
6(b) and 6(c). In the this case a uniform regional permeability of 0.1 milli 
Darcy was assumed for the basin permeability and 0.001 milli Darcy for the 
basement permeability. As can be seen from the stream function plot Figure 
6(b) convection readily occurs within the whole section. The Rayleigh number
for these systems is difficult to determine as the regions are heterogeneous. 
For the basin Ra=30, so convection within the basin, on classical grounds, 
should no occur. However the modelled results indicate that it is occuring, 
albeit slight and with no detectable expression in the surface heat flow, see
kFigure 7. In this case Ra =1.0. The example illustrate that the geometry of 
a sedimentary basin intrinsically and implicitly creates conditions condusive 
to convection. The surface heat flow plot illustrate the difficultly in 
detecting a convection cell, a probably explains why to date none have been 
seen by heat flow data, even though the modeling results show that the 
readily occur.
DISSCUSSION AND CONCLUSIONS
The surface heat flow pattern over the Exmouth Plateau is direct evidence 
of a subsurface convection cell. The generalization of the governing 
equations and their numerical implementation has been able to clarify the 
physics of the system. It can be concluded that lateral varitations in deep 
heat flow will clearly give rise to convection cells and these cells are 
modified by the overlying sediments if these also contain variations in the 
rock properties. It must be concluded that where a variation in surface heat 
flow is determined then in most cases where there is sufficent permeability, 
and this can be extremely small indeed, that there subsurface fluid flow.
The geometry of sedimentary basins imposes a lateral conductivity 
contrast, the generally lower sediment thermal conductivity means that 
temperatures are generally elevated and so impose a lateral variation in 
temperature between it and the confining basement rock. As fluids are 
intrinsically unstable in such cases, thermal convection readily occurs. The 
raised temperatures in the basin means that there is generally an upward flow 
in the centre of the basin and depending on a variety of conditions there may 
be a single or multi cell system within the basin. The modeling results 
support the conclusion that the inherent thermal conductivity contrast 
between a sedimentary basin and it's surrounding basement rocks creates, 
supports and sustains convection within the sedimentary section. Note that 
from Figure 6(b) that the fluid flow is upward in the centre of the basin. 
That is the basin not only causes convection but focuses it. The convection 
does not tend to homogenize the temperature field and so reduce the effects 
of the convection, as it cannot over come the fundamental thermal 
conductivity contrast. In this way the convection cell is said to be self 
sustaining. The only proviso to the convection in the sedimentary basin is 
that there must be some leakage of the flow in to the basement rocks where
the lower temperatures exist. As the isotherms are horizontal in the 
sedimentary section and in the case of Figure 6(b) the local Rayleigh Number 
Ra for the basin is only 30, there would be no convection without leakage.
From this example that convection is probably more prevalent that first 
recognized, and more detailed heat flow surveys over sedimentary basins will 
probable show this.
There are a number of major implications if convection is wide spread.
The first of these is that the total energy budget from the earth remains 
unchanged. As the cool down of the earth is largely controlled by the thermal 
resistivity of the lithoshpere and with the lower boundary condition in the 
models being specified as a flux boundary, the conservation of energy 
requires that the surface average is the same as that depth ( with some 
modification for internal heat production in the crust). Other areas of 
application include the modeling and prediction of hydrocarbon maturation and 
migration. It also has a major impact on the study of diagenisis, and isotope 
dating research and ore genesis.
The numerical modeling for this research has been undertaken on the 
Australian National University Supercomputer Facilities FACOM VP/100 
supercomputer, at the Australian National University.
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FIGURE CAPTIONS
FIGURE 1 Surface heat flow contour map for the Exmouth Plateau region,
-2offshore North West Australia. Contour interval is 10 mW m
-2Central contour for heat flow low is 30 mW m
FIGURE 2 West-east crustal cross section of the Exmouth Plateau, through the 
heat flow low, showing the inferred pore fluid flow paths. Modelled 
heat flow profiles at various levls are shown at the top of the 
diagram. From Williamson et al (in press).
FIGURE 3 The region of stable two-dimensional solutions to the classic 
Rayleigh convection problem. Only in the closed region are finite 
amplitude two dimensional solutioons stable (after Straus and 
Schubert (1974)). Verticcal axis is Rayleigh Number Ra and 
horizontal axis a / 7 r  is the aspect ratio of the cell.
FIGURE 4 Surface heat flow, subsurface temperature and stream lines for a
geological model 480 km long and 40 km deep. The heat flow at the
_2base of the model is 56 mW m and there is no heat flow out of
the sides, the top boundary is maintained at zero degrees Celsius.
The permeabilty is layered, with the top 20 km  being set at a value 
-16 2of k = l .6*10 m and the bottom layer two orders of magnitude
less. In all other respests the top layer is homogeneous and 
isotropic and R a = 4 0 .
FIGURE 5 Surface heat flow, subsurface temperature and stream lines for a
geological model 480 km long and 40 km deep. The heat flow at the
-2 -2base of the model is 44 mW m at the left and 56 mW m at the
right. There is no heat flow out of the sides, the top boundary is
maintained at zero degrees Celsius. The permeabilty is layered,
with the top 20 km vertical permeability being set at a value of 
16 2k = 0 . 65*10 m , the horizontal permeability is an order of
magnitude greater and the bottom layer two orders of magitude less. 
In all other respests the top layer is homogeneous and isotropic 
and Ra=30, Ra =76.
FIGURE 6 Composite figures for the thermal and flow pattern in a
FIGURE
hemispherical sedimentary basin and the surrounding basement. The
radius of the basin is 8 km and the basement is 40 km by 20 km in
extent. The thermal conductivity of the basin is 1 W m  ^OC ^
and 4 W m  ^OC  ^ for the basement. The background heat flow is 
-256 mW m and there is no heat flow out of the sides, and the 
surface temperature is 0 OC. The same configuration is keep for the 
two cases (a), (b). Each model shows from top left to bottom right 
the temperature, horizontal heat flow, vertical heat flow, stream 
function, vertical Darcy velocity and horizontal Darcy velocity 
fields. The top three figures give the model configuration and 
parameters used. The rectangular region outlined in the top left 
figure is the area illustrated in Figure (c).
(a) Results when convection is artifically supressed and conduction 
is the only means of heat transfer.
-16 -2(b) Results when a regional permeabiltiy of k=l.6*10 m is
~kassumed and convection effects are allowed. Ra=10 and Ra =1.0 
in the basin.
(c) Enlargement of basin area for figure (b).
Vertical surface heat flow profiles from the two cases discussed in 
Figure 6.
TABLE 1 Typical values of permeability. (Bear, 1972, pg 136)
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A3STRACT
HEAT FLOW OVER THE EXMOUTH PLATEAU, NORTHWEST AUSTRALIA AND A 
RE-EVALUATION OF THE PETROLEUM PROSPECTIVITY
The present day surface heat flow is an indicator of the 
likelihood of the occurrence of hydrocarbons. Heat flow can indicate 
the timing and possible migration paths of liquid hydrocarbons.
Thermal models for palaeo-heat flow, when constrained by present 
heat flow measurements, together with thermal geohistory analysis give 
good indications to the timing of oil generation. In some situations 
the present day thermal regime may also indicate the presence of large 
convection cells within the sedimentary section. Pore fluid migration 
can entrain liquid hydrocarbons, consequently there is the possibility 
of mapping hydrocarbon migration paths.
The Exmouth Plateau region, Northwest Australia, is a major oil
and gas production area. The measurement of present day heat flow
values, 105 in all over an area of 80,000 square kilometres, shows a
correlation between high heat flow and hydrocarbon occurrences. The
2heat flow pattern is relatively simple; a heat flow high of 100mW/m
in the east, corresponding to the oil and gas production areas of
Barrow Island and the Rankin Gas Field, and a moderate to very low
2heat flow (as low as 17 mW/m ) on the oil and gas barren central 
Exmouth Plateau. The only major hydrocarbon occurrence on the Exmouth 
Plateau, the Scarbrough Gas Field, corresponds to a local heat flow 
high of 170 mW/m^.
The paired heat flow high and low indicates the presence of a 
major convection cell within the sedimentary section. Fluid models, 
together with thermal geohistory analysis has enabled a re-evaluation 
of the petroleum prospectivity. The results of this evaluation, 
together with discussions on the heat flow data set are presented in 
this paper. First and foremost is the result that heat flow 
measurement can have a major impact on the evaluation of a petroleum 
region. Secondly the heat flow data set indicates that it may be 
possible to have large scale convection cells in any major sedimentary 
basin and that surface heat flow measurements are ideal for the 
detection of these convection cells.
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ABSTRACT
Deep crustal seismic reflection and 
refraction, and surface heatflow results 
suggest an intermediate plate history for 
the Australian Exmouth Plateau. Such a 
history requires a modification of existing 
upper and lower plate rifting models. We 
define an intermediate plate as one unearthed 
between the upper and lower plate along 
major detachment zones. The study also 
details a new application of heatflow data 
to tectonic analysis. Our model for the 
early, probably Permo-Carboniferous rifting 
of the Exmouth region, indicates that the 
major thinning to around 40 percent, of 
basement and lower crust of the Exmouth 
Plateau region resulted from onshore 
rifting of the primary granitoid crust, 
utilising two major landward-dipping 
detachment zones. During this onshore 
rifting the upper plate remained east of the 
plateau, the intermediate plate formed the 
plateau and the lower plate occurred to the 
west of the plateau. The onshore rift then 
subsided and overlying sedimentation ensued 
before later Mesozoic rifting which 
preceded seafloor spreading and removal of 
the lower plate westwards. The Mesozoic 
rifting although accommodating the final 
continental separation at the west of the 
plateau, nonetheless produced relatively 
lesser crustal extension and thinning of the 
plateau proper compared to the earlier 
probable Permo-Carboniferous rifting.
PO Box 378, Canberra, ACT
INTRODUCTION
The basement and lower crust of the 
Australian Exmouth Plateau (Fig. 1) has 
been reduced in thickness to less than 
about 10 km (Williamson et al., 1988;
Mutter et al., 1989). Mechanisms for 
producing such thin crust include crustal 
extension by pure shear (McKenzie, 1978), 
simple shear (Wernicke, 1985) or a 
combination of pure and simple shear 
(Lister et al., in press). Triassic to 
Jurassic rifting of the Exmouth Plateau 
had been addressed by many workers 
including Veevers et al. (1974), Larson 
(1977), Veevers and Cotterill (1979), Exon 
and Willcox (1980) and Falvey and Mutter 
(1981). The Mesozoic rifting preceded 
initiation of seafloor spreading at M10 
(130 MaBP) in the west and south (Larson et 
al., 1979). Levels of extension during 
Mesozoic rifting are around 5 percent over 
most of the plateau, implying that the 
dominant crustal thinning probably occurred 
during an earlier rift phase. 
Permo-Carboniferous rift structures occur 
on the adjacent continental shelf (Barber, 
1988; Bentley, 1988; and Delfos and Dedman, 
1988). On the plateau, equivalent structures 
would be buried beneath up to 10 km of 
sediment. We investigated these structures 
by seismic methods.
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DEEP CRUSTAL SEISMIC DATA
Deep crustal seismic data were obtained 
luring a two ship experiment conducted by 
:he Bureau of Mineral Resources (BMR) and 
Earnout-Doherty Geological Observatory (LOGO). 
\/ide aperture CDP (WACDP) data as described 
}y Buhl et al. (1982) were collected along 
;he Exmouth transect (Fig. 1) along with 9 
expanding spread profiles (ESP's) collected 
jsing the method of Stoffa and Buhl (1979), 
vhich were conducted with midpoints along 
;he WACDP lines. The basement and lower 
;rust of the Exmouth Plateau are assumed to 
:onsist of Paleozoic meta-sediments similar 
:o the Carboniferous to Silurian rocks 
^countered in the Pendock No. 1 well 
^Williamson et al., 1988), and granitoid 
Lithologies like those of the Pilbara block 
jio the east (Drummond, 1983).
Pre- and Early Mesozoic rift sediment on 
j:he Exmouth Plateau is up to 7.0 km thick 
;jnd consists of possible Permian terrigenous 
plastics, to Middle and Late Triassic 
: luvio-deltaic sediment. These are 
inconformably overlain by 2 km of Tithonian 
ho Neocomian deltaic sediment. The 
jjost-Mesozoic stratigraphy consists of 1-2 
cm of progressively more marine mid- 
pretaceous to Recent shales and carbonates.
Beneath the shelf and landward region of 
j:he plateau, extensional faults from 
lesozoic rifting appear to terminate in 
^ecollement zones within the lower layers of 
:he sedimentary section and uppermost 
jasement (Fig. 2). High seismic amplitudes 
ire associated with possible mylonitisation 
>f those zones (Mutter et al., 1989). On 
.he seaward edge of the plateau extensional 
aults are interpreted to detach within the 
.ower crust (Fig. 2) suggesting a more 
luctile lower crust during the Mesozoic 
ifting phase in that region, close to 
'here an oceanic spreading centre was 
nitiated in Cretaceous time (Williamson et 
tl., 1988; Mutter et al., 1989). The onset 
>f oceanic crust appears to coincide 
pproximately with the foot of the western 
carp of the Exmouth Plateau, based on 
eismic and magnetic data (Fig. 2).
Onshore to the Exmouth Plateau, Late 
larboniferous deformation and rapid early 
ermian deposition are associated with 
eaward dipping listric faults that penetrate
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FIG. 1. Regional and tectonic 
setting of the Exmouth Plateau 
showing the Exmouth crustal transect 
composed of a Wide Aperture CDP line 
and Expanded Spread profiles.
basement in the Candace Terrace region 
(Bentley, 1988). A similar regime is also 
described for the Peedamullah Shelf (Delfos 
and Dedman, 1988). The WACDP and ESP data
are consistent with a probable Permo- 
Carboniferous offshore rifting stage, 
which accomplished thinning to about 40 
percent thickness, of the Exmouth Plateau's 
basement and lower crust.
A major detachment interpreted as 
associated with Permo-Carboniferous rifting 
cuts the basement and lower crust of the 
Exmouth Plateau (Fig. 2). ESPs E3 and E4 
both display truncated basement and lower 
crustal sections associated with the 
interpreted major low angle landward 
dipping detachment zone (CDPs 7000-12,000). 
This detachment (Detachment A) downfaults 
the top of basement landward by 3-4 km.
Landward, at CDPs 2000-7000, we observe 
a seaward dipping reflector interpreted to 
be a fault anthithetic to Detachment A. It 
appears to have been reactivated, and 
possibly to cut Detachment A and penetrate 
beneath the Moho. Further east, seaward
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FIG. 2. Line drawing of the Exmouth Plateau WACBP profile 
showing seismic horizons, fault configurations, and main 
crustal elements, along with gravity and magnetic data.
dipping reflectors also probably associated 
with similar faulting appear towards the 
landward edge of the WACDP profile, but are 
not well imaged. A free air gravity high on 
the west of the Rankin trend is associated 
with decreasing water depth and may be 
related to relatively shallower lower 
crustal material on the upthrown side of a 
seaward dipping detachment (Fig. 2).
Seismic refractor velocities for the top 
of basement obtained from interpretation of 
the ESP data (Fig. 3) range from 5.8 km/sec 
to 6.2 km/sec. The top basement velocities 
are strong refractor velocities and are 
normally accurately defined. Accurate 
basement velocities could not, however, be 
obtained for El and E2. Detailed velocity 
determination was not possible within the 
basement and lower crust because of lack of 
well developed refractors due to low 
velocity gradients. At the base of the crust 
an interval with velocities greater than 7.0 
km/sec is interpreted as underplating.
Seismic picks for the top of basement are
consistent between the ESP and WACDP data 
sets. The Moho, as interpreted from the 
ESP data, corresponds to the base of the 
underplating characterised by velocities 
greater than 7.0 km/sec. Recently published 
interpretations of the base crust and the 
thickness of underplating by Mutter et al. 
(1989) disagree in detail with those 
presented here, particularly as to the 
presence or absence of underplating at E5 
(Fig. 3). The differences do not, however, 
affect the basic model.
PERMO-CARBONIFEROUS RIFTING MODEL
The present structural configuration of 
the Exmouth Plateau region is interpreted 
to result from two main rifting phases. The 
first probably Permo-Carboniferous stage of 
rifting attenuated basement and reduced 
lower crustal thickness on the Exmouth
intermediate plate margin development of the exmouth plateau
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FIG. 3 a. Palaeozoic configuration of upper, intermediate 
and lower plates prior to Permo-Carboniferous rifting. 
Velocity control on present day top basement and thermal 
properties of the primary crust are also shown; 1 is 
upper plate, 2 is intermediate plate, and 3 is lower plate, 
b. Generalised depth section along Exmouth WACDP 
transect showing present day distribution of upper and 
intermediate and lower plate segments, which resulted 
from the basement and lower crustal configuration 
established by early phase, probable Permo-Carboniferous 
rifting. Possible Permian, Mesozoic and subsequent 
sedimentary cover is also shown, along with velocity 
control.
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Plateau to about 10 km from an original crust west of E5 on BMR processing, but these
:hickness of about 25 km similar to that of could also be Mesozoic fault planes (Fig. 2).
:he Pilbara region (Drummond, 1983). The
second Mesozoic stage utilised elements of
simple and pure shear to produce lesser final
extension of overlying sediments and
uasement/lower crust prior to seafloor HEATFLOW RESULTS
spreading.
The morphology and structure of the 
3xmouth Plateau margin are not explained by 
the simple upper plate/lower plate model.
Dur model for the first Permo-Carboniferous 
rifting stage (Fig. 3) results from analysis 
3f the deep crustal data and utilises two 
najor landward dipping detachments. The 
first is Detachment A previously identified 
and the second (Detachment B) is inferred to 
rorrespond to the base of the present lower 
crust of the plateau, above the underplating, 
^hese detachments are interpreted to have 
unearthed the intermediate crustal segment 
forming the Exmouth Plateau basement and 
Lower crust, from between the upper and 
Lower plate segments in the primary 
netasedimentary and granitoid crustal block. 
The three crustal segments separated by the 
:wo detachments originally occupied the 
configuration shown in Fig. 3a but now 
(Figs. 2 and 3b) correspond to the basement 
and lower crust of the region beneath the 
(angaroo Syncline and the Continental Shelf 
aast of the plateau (upper plate segments); 
:he basement and lower crust of the plateau 
[intermediate plate segment); and that of the 
conjugate margin now removed by seafloor 
spreading (lower plate segment).
This model is consistent with landward 
increase in top bascment/lower crustal 
/elocity from 5.8-6.2 km/sec (Fig. 3); this 
tfould correspond to a deeper level landward, 
cf pre-rift granitoid crust. A velocity of 
5.2 km/sec corresponds to a depth of 14 km 
within the adjacent Pilbara Block (Drummond, 
1983). This coincides approximately to the 
iepth of strong horizontal reflections in the 
\rchean cratons of Western Australia, 
probably including the Pilbara craton 
(Drummond, 1988). The model would predict 
chat associated horizontal reflectors from 
ehe original crust would dip at a£out 60 
5 (Figs. 2 and 3). Such events could not 
e well imaged seismically but may be the 
cause of dipping events below the Moho west 
>f E5. The model would predict that 
reflectors from the Pilbara Block would dip 
fess steeply west of E5. Some NW dipping 
svents are observed in the basement/lower
The model also helps explain the heatflow 
regime of the plateau (Sv/ift et al. , 1988).
The thermal structure of the West Australian 
(WA) Shield (Schlater and Francheteau, 1970) 
shows a division of the crust into two heat 
generation zones (Fig. 3). In contrast to 
the WA shield, however, up to 12 km of 
sediment has been deposited on the Exmouth 
Plateau. Th^ average surface heatflow is 
thus 56 mW/m not 42 mW/m as is found on the 
WA shield (Swift et al., 1988; Sclater and 
Francheteau, 1970). A^ internal heat 
generation of 1.4 uW/m for the overlying 
sedimentary section is required to produce  ^
average measured surface heatflow ^f 56 mW/m 
assuming mantle heatflow of 25 mWm . The 
major feature of the surface heatflow profile 
is the heatflow low of 17 mWm in the centre 
of the plateau (Fig. 4). The conductive 
model alone (Fig. 4) cannot, however, explain 
the measured heatflow low and high, even  ^
though the average for each curve is 56 mW/m
The presence of a major convection cell 
within the sedimentary section is thus the 
only explanation for the measured surface 
heatflow. The major features of the 
conductive heatflow at the top of the 
basement resulting from the thermal 
properties of the pre-rift crust (Fig. 4), 
broadly correspond to the major features of 
the measured conductive/convective surface 
heatflow. The system would be more heated on 
one side than on the other, the fluids could 
not be in equilibrium so convection could 
occur. Consequently the lateral variation in 
heatflow at basement level could be 
accentuated at the surface because of 
convection; surface heatflow over low 
heatflow regions would diminish and the high 
heatflow anomalies increase. This 
correspondence is seen in Fig. 4. Convection 
at due to a relatively high geothermal gradient 
or sloping beds is precluded because of the 
very low aspect ratio (1:0.04) of the 
inferred cell since the cell width is the 
distance between the low and the high to the 
east, approximately 250 km, and the sediment 
thickness is of the order of 10 km.
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FIG. 4. Heatflow data and interpreted convection cell 
along the Exmouth Plateau WACDP profile. Thermal 
properties of basement and lower crust are derived 
from primary pre-rift crust as shown in Fig. 3a.
In the sediment of the Exmouth Plateau 
te average fluid velocity is calculated 
:om first order analytical theory to produce 
te surface heatflow is 3x10 cm/s, 
squiring a horizontal temperature gradient 
: 0.08°C/km or more to produce convection 
['urcotte and Schubert, 1982; Prasad and 
ilacki, 1984). Th^ modelled heatflow 
lomaly of -11 mW/m on the top of basement 
rom the centre of the plateau to either 
ide implies such a horizontal gradient. The 
idelled horizontal gradient at the top of 
isement, due to the thermal structure 
i^g. 4) is of the order of 0.2°C/km and so
favours convection within the overlying 
sediments. The modelled thermal structure 
results from the distribution of lithologies 
predicted using our structural model (Fig. 3). 
The heatflow results are thus consistent with 
the intermediate plate model for the formation 
of the Exmouth Plateau.
/INTERMEDIATE PLATE MARGIN DEVELOPMENT OF THE EXMOUTH PLATEAU
DISCUSSION
The intermediate plate model, if valid, 
nay have important implications for the 
formation of submarine plateaux which occur 
Ln many localities worldwide. The formation 
)f these plateaux could then be studied 
ising deep crustal and heatflow data from 
;he plateaux and conjugate margins.
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